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4BSTRACT 


The  signal  receivetl  from  electronic  systems  on  various  missiles  has 
contained  evidence  of  voltage  breakdown  on  antennas  at  altitudes  from 
50,000  to  300,000  feet  at  VHP,  IIHF.  and  microwave  frequencies.  Since 
continuous  celernetry  and  tracking  information  is  often  necessary  to 
determine  impact  position  and  system  performance,  an  experimental  investi¬ 
gation  has  been  made  of  the  power' handling  capabilities  of  antennas  at 
high  altitude.  The  principal  aims  of  the  study  are  (1)  to  determine  the 
physical  mechaniama  involved,  (2)  to  measure  and  tabulate  experimental 
data  on  breakdown  field  strength  for  various  antenna  types,  and  (3)  to 
study  methods  for  improving  the  power-handling  capabilities  of  antennas. 

The  various  physical  mechanisms  which  may  be  important  in  the  break¬ 
down  process,  ■■•■■d  how  these  mechanisms  determine  the  breakdown  field 
strength  for  various  transmiasioa.aystems ,  are  discussed.  Doth  pulse  and 
CSV  mud  i  (  i  bus  iir6  con.s  1  de  red .  Hreakdown  data  are  prr.sentrd  for  persllfl- 
plate,.  rectang\)lar  waveguide  and  coaxial-line  transmission  lines.  With 
this  material  as  background,  the  discussion  of  the  breakdown  of  monopole 
antonnns  is  presented.  Data  from  measurements  on  a  wide  variety  of 
monopoles  is  presented.  It  is  shown  that  a  single  curve  of  (E^/p)^  as  a 
function  of  or  is  sufficient  to  describe  the  breakdown  condition. 

The  relation  between  rectangular  waveguide  and  aperture  breakdown  is 
disctissed,  Drenkdown  data  for  aperture  antennas  are  presented  and  it  isi 
shown  that  for  narrow  slot  antennas  n  single  curve  nf  {F.  /p)  as  a  function 

p  '  '  n 

of  pd  is  sufficient  to  describe  the  breakdown  condition. 

An  ioniied  medium  near  the  antenna  may  severely  affect  its  power¬ 
handling  capability.  Data  from  measurements  made  with  n  plasma  caused  by 
a  DC  discharge  over  a  380-Mc  slot  antenna  ore  pre.sented,  illustrating 
this  effect. 

Ways  to  improve  the  power-handling  capability  of  antennas  are  con¬ 
sidered.  Quantitative  data  are  presented  which  show  how  IXl  bias  can 
increase  in  tlic  powe  r  -  hand  1  i  ng  capability  of  monopoles. 
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VOLTAGE  BREAKDOWN  01'  ANTENNAS 
AT  HIGH  ALTITUDES 


I  INTRODUCTION 

A.  BACKGROUND 

Examination  of  the  received  signal  from  electronic  systems  on  various 
missiles  have  indicated  the  presence  of  voltage  breakdown  at  the  antennas 
in  the  altitude  range  of  50,000  to  300,000  feet  at  VHP,  UHF  and  microwave 
frequencies.  The  presence  of  voltage  breakdown  is  manifested  by  a  decrease 
in  transmitted  signal  intensity,  change  in  the  input  impedance  and  the 
radiation  pattern  of  the  miaaile  antenna,  modification  of  the  pulse  shape, 
■and  n^irsffnpifdiTtion  ^on-thar  signaU  ’  *  Since  it  is  important  in  many  easea 
to  obtain  continuous  telemetry  and  tracking  information  to  determine 
impact  poiltiotf  and  system  pcrformancB  data,  an  ex^rimental  inVcsciga- 
tion  has  been  carried  out  to  study  the  power *handl ing  capabilities  of 
antennas  at  high  altitude,  The  principal  aims  of  this  study  are  (1)  to 
determine  the  physical  mechanism  involved,  (2)  to  measure  and  tabulate 
experimental  data  on  breakdown  field  for  various  antenna  types,  and  (3) 
to  study  methods  for  improving  the  power^handling  capability  of  antennas. 

B.  BREAKDOWN  MECHANISM 

The  high-frequency  breakdown  mechanism  has  been  thoroughly  investi¬ 
gated  in  the  past  for  circuit  elements  such  as  transmission  lines  and 
cavities.*'^  The  source  of  primary  ionization  is  due  to  electron  motion, 
and  breakdown  occurs  when  the  gain  in  electron  density  becomes  equal  to 
the  los.a  of  electrons  by  diffusion  and  attachment.  This  relationship  is 
expressed  as: 


3n 


(v,  -  vjn  ^  .S  +  Sf^iDn) 


(1) 


*  f^‘r,pnr#>i  sre  fli.  thft  find  of  the  report 


1 


where 


n  is  the  electron  density 
is  the  ionization  rate 
V  is  the  attachment  rate 

a 

iS  is  the  ionization  produced  by  an  external  source 
D  is  the  diffusion  coefficient  for  electrons. 

The  measurements  reported  here  confirm  that  the  processes  that  are 
important  for  microwave  circuit  elements  also  determine  the  minimum 
power-handling  capability  of  antennas  in  air  at  low  pressure. 

For  a  parallel  plate  configuration,  the  solution  of  the  electron 
continuity  equation  (1)  gives  for  the  breakdown  condition: 


(2) 


“A  rs-  the-  Tenj^tlv  t-h*  gs-s — 

tontaiJUJr  shapJ  in  a  .ty:|Jieal  dlTfusion  problem,  for  apacinj  L  between 
parallel  plates 


The  diffusion  coefficient  is 


where  1  is  the  mean  free  path  and  v  the  velocity  of  the  electron For 
a  given  configuration  at  a  fixed  pressure,  D  is  a  constant.  If  the. 
parallel  plate  spacing  is  decreased,  then  A  decreases  while  D/A*  will 
increase.  Thus  the  net  iortization  rate,  ~  must  be  increased  to, 
initiate  breakdown.  Since  the  net  ionization  rate  increases  with 
increasing  electric  field,  one  obtains  the  interesting  re.sult  that  by- 
decreasing  the  spacing  between  parallel  plates,  one  increases  the  field 
strength  required  to  initiate  breakdown. 
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1.  Diffusion-Contbolled  Breakdown  Curve 


A  plot  of  the  typical  variation  of  the  breakdown  field  with  pressure 
is  shown  in  Figure  1.  If  the  breakdown  fie,ld  is  controlled  only  by 
attachment,  the  field  strength  required  to  initiate  breakdown  is  shown 
by  the  solid  line  and  is  given  approximately  by  =  30n.  Here  p  is  the 

pressure  in  mm  Hg:  is  the  effective  field  which  would  produce  the 

same  energy  transfer  to  the  electron  as  a  DC  field  and  is  given  by 


Ev, 


[v®  +  a>*] 


(5) 


where  E  is  the  rtns  field 


FIG.  1 

ILLUSTRATION  OF  DIFFUSION-  AND  ATTACHMENT-CONTROLLED  BREAKDOWN 


At  high  pressures,  the  mean  free  time  of  the  electron  is  small  compared 
to  the  RF  period,  and  the  energy  gained  by  the  electron  per  collision  is 
small.  Since  the  electron  must  gain  energy  corresponding  to  the  ioniza¬ 
tion  potential  more  electric  field  strength  is  required  as  the  pressure 
is  increased.  Thus,  in  this  region  the  value  of  E  to  initiate  breakdown 
varies  directly  with  the  pressure,  since  for  air 

=  5.3  X  lO’p  (6) 

where  p  is  the  pressure  in  mm  mercury. 

At  very  low  pressures  the  electrons  make  many  oscillations  per 
collision.  Since  the  electrons  gain  energy  6nly  through  collision,  the 
energy  transfer  is  poor  and  the  curve  flattens  out  at  low  pressure,  The 
knee  of  the  curve  in  Fig.  1  represents  the  pressure  at  which  the  collision 
frequency  is  equal  to  the  RF  frequency.  Since  the  attachment  and  ioniza¬ 
tion  rates  do  not  depend  on  geometry,  the  breakdown  field  will  be 
independent  of  geometry. 

If  diffusion  becomes  an  important  loss  parameter,  the  curve  begins 
to  rise  at  low  pressure.  In  fact,  the  field  strength  varies  inversely 
as  the  pressure  and  diffusion  length.  In  Fig.  1  two  curves  are  shown 
for  tlie  diffusion-controlled  case,  where  Aj  >  Aj.  Here,  A^  corresponds 
to  increased  diffusion  loss,  and  in  the  case  of  a  parallel  plate  this 
corresponds  to  a  narrower  spacing,  This  figure  illustrates  the  fact 
that  associated  with  a  given  frequency  of  operation,  there  is  no  single 
pressure  at  which  a  minimum  field  strength  is  required  for  breakdown. 

The  pressure  at  which  maximum  power  transfer  to  the  electron  occurs, 
serves  as  an  estimate  for  the  pressure  at  which  minimum  breakdown  occurs. 
At  this  frequency  the  collision  frequency  is  aqual  to  the  angular 
RF  frequency  —  i.e., 


,  5.3  X  lo’p  . 

/  =  - ; - -  =  0.45  X  io®p  .  (7) 

2n 

As  diffusion  loss  becomes  important  the  minimum  occurs  at  higher  and 
higher  pressure,  as  shown  in  Fig,  1. 

In  pulsed  breakdown,  the  pulse  is  normally  on  for  such  a  short  time 
that  breakdown  is  less  dependent  on  geometry  and,  hence,  on  diffusion. 
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In  this  case  breakdown  will  occur  when  the  difference  between  ionization 
and  attachment  rate  is  large  enough  so  that  within  the  time  the  pulse 
is  on,  the  electron  density  will  build  up  to  tl>e  breakdown  density. 

At  pressures  so  low  that  the  mean  free  path  is  of  the  order  of  or 
greater  than  the  characteristic  dimension,  the  breakdown  process  is  no 
longer  diffusion-controlled  and  Eq .  (1)  no  longer  applies, 

A  study  of  the  factors  making  up  Eq.  (1)  shows  that  for  geometrically 
similar  antennas,  frequency  scaling  is  applicable*  for  the  type  of 
discharge  under  consideration.  Aside  from  the  usual  electromagnetic 
similitude  principle,  it  is  required  that 

pX  “  constant 


where 


p  is  the  pressure  in  mm  Hg 


X  is  th«  wayalength. 


Also  if  the  form  of  the  oflar-zone  field  remains  the  same  with  some  varying 
dimenaion  (as  with  parallel  plate  transmisaion  lines  with  varying  spacing, 
narrow  slot  antennas  with  varying  width,  and  monopolea  with  varying 
diameter)  the  value  of  the  ratio  of  effective  field  required  for  breakdown 
£^,  to  pressure,  p,  is  a  function  of  pressure  times  the  characteristic 
dimension, 


If  the  near-zone  field  region  about  an  antenna  does  not  vary  with 
varying  characteristic  dimension,  £,/p  is  no  longer  simply  a  function  of 
pressure  times  the  characteristic  dimension.  This  occurs,  for  example, 
with  slot  antennas  when  the  slot  width  becomes  appreciable  compared  to  a 
wavelength , 


2.  Free  and  Ambipolar  Diffusion 

For  breakdown  in  air  the  diffusion  coefficient  is  due  to  diffusion 
of  free  electrons  and  is  given  by 


n 


/ 


(8) 
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where 

e 

/u^  =  electron  mobility  »  - 

Mv/y  ®  t  a>^ 

C 

k  =  Boltzmann's  constant 

“  electronic  temperature  with  free  diffusion. 

The  free  diffusion  condition  exists  at  low  pressure  (high  altitude)  and 
can  be  simulated  in  a  vacuum  chamber. 

A  phenomenon  which  is  unique  to  high  altitude  missile  operation  is 
the  transmission  of  signal  through  the  ionized  medium  associated  with 
re-entry  into  the  earth's  atmosphere.  The  effect  of  the  ionized  medium 
is  to  change  the  electron  loas  mechanism  from  free  diffusion  to  ambipolar 
diffusion. ®  The  diffusion  of  electrons  from  a  neutral  plasma  brings 
about  the  increased  mobility  of  the  heavy  positive  ions  since  the  plasma 
tends  to  charge  neutrality.  .A  positive  apace  charge  is  developed  as  a 
sheath  around  the  antenna  which  retards  the  high  velocity  electrons  and 
acc^leT-ataa  the  positive  ions.  In  the  plasma  to  he  considered  in  this 
report,  the  electron  temperature  is  large  compared  to  the  poaitive  ion 
temperature  and  the  ambipolar  diffusion  coefficient  is  then  given  by 


(9) 


where 

IJ.^  '  poaitive  ion  mobility 

=  electronic  terapersturo  with  ambipolar  diffusion. 

Therefore 


D 


(10) 


The  net  result  is  to  decrease  the  diffusion  loss  of  electrons,  thus 
decreasing  the  power-handling  capability  in  an  ionized  medium. 
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II  LOW-PRESSURE  VOLTAGE  BREAKDOWN 
IN  TRANSMISSION  LINES 

A.  BACKGROUND 

Moat  of  the  investigations  that  have  been  conducted  in  the  past  have 
been  concerned  with  breakdown  in  transmission  lines.  Breakdown  in  trans¬ 
mission  lines  differs  from  antenna  breakdown  principally  in  two  ways. 

First,  in  transmission  linos  one  is  usually  concerned  only  with  the  two- 
dimensional  electric  field  variations.  In  antennas,  the  three-dimensional 
field  variations  must  be  considered.  In  unmatched  transmission  lines, 
where  standing  waves  are  present,  the:  .longitudinal  distribution  of  field 
may  be  of  importance,  but  in  moat  cases  it  varies  more  slowly  than  the 
transverse  fields.  Secondly,  in  most  transmission  systems  the  fields  are 
contained  by  conductors  in  such  a  way  that  there  are  surfaces  to  which  ' 
ele-ctrona  can  diffuse.  In  antennas,  the  electrons  may  drift  away  from  . 
the  vicinity  of  the  aperture  without  being  lost  to  n  StiffaCB, 

Nevertheleaa ,  because  data  and  theoretical  approaches  are  available 
from  researches  into  transmission  line  breakdown,  they  will  be  used  as  a 
starting  point. 

B.  C\V  BREAKDOWN  OF  PAHALLEk- PLATE  SYSTEMS 

Consider  a  transmission  line  system  composed  of  two  infinite  parallel 
plates  separated  by  a  distance,  d,  with  a  uniform  electric  field,  £, 
between  the  plates.  Both  Brown^  and  Gould  and  Roberts^  have  analyzed  this 
configuration,  and  the  following  discussion  will  review  their  results. 

For  CW  breakdown  to  occur,  the  rote  of  change  of  electron  density 
with  time,  Bn/Bt ,  must  be  slightly  greater  than  zero.  Under  these 
conditions  the  electron  density  will  increase  exponentially  with  time 
at  a  rate  determined  by  the  value  of  Bn/3t .  The  rate  of  change  of  electron 
density  is  determined  by  the  difference  between  the  rate  of  increase  of 
electron  density  and  the  rate  of  loss  of  electron  density.  This  relation¬ 
ship  is  expressed  as 


v.-n  ~  vn  +  V2  (Dn) 


Bn 

3t 
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(11) 


-.-aklsT  iij-lT— 


Here,  is  the  frequency  of  ionization  per  electron,  so  that  u.n  is  the 
number  of  ionizations  produced  per  second;  and  P ^  is  the  frequency  of 
attachment  per  electron,  so  that  p^n  is  the  number  of  electrons  lost  by 
attachment  per  second.  The  loss  of  electrons  per  second  due  to  diffusion 
to  the  plates  is  given  by  V*  (Dn).  This  equation  may  be  written  in 
integral  form  as 


0 


V*  (Dn) 
+ - i - - 

n 


dt 


(12) 


when  Hq  ambient  electron  density  before  the  electric  field  is  applied, 

Brown  has  solved  for  the  electron  density  distribution  for  this  case 
and  shown  that  it  is  of  the  form  sin  (nx/d),  where  x  is  distance  measured 
from  one  plate.  For  a  uniform  field  distribution,  D  is  a  constant,  and 
V*  (Dn)  may  be  written  as  /)V*n.  Since  n  is  of  the  form  sin  (trx/d) 

»  (-j]  On  .  (13) 


Substituting  this  expression  into  Eq.  (12),  and  integrating,  we  obtain 


(U) 


where  is  the  average  net  value  of  v.  -  over  the  time  t. 

Normalizing  with  respect  to  pressure  [Eq.  (14)]  becomes 


pr 


<v  > 

net 


P 


+ 


Dpn^ 

(pd)2 


(15) 


For  CW  breakdown  t  can  be 
is  defined  by  setting  the  left 


made  indefinitely  large,  so  the  breakdown 
side  of  Eq,  (15)  equal  to  zero; 


<p 


> 

net 


P 


Dp-n^ 

{pd)^ 


(16) 
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Gould  and  Roberta  show  that  is  b  function  only  of  E^/p  and 

pX,  while  MacDonald®  has  shown  that  Dp  is  a  function  E^/p,  Therefore, 
the  value  of  E^/p  required  for  breakdown  is  a  function  of  pd  and  pX. 
Equation  (16)  has  been  solved  and  the  results  of  Gould  and  Roberts^  are 
plotted  in  Fig.  2  for  the  CW  case.  These  curves  have  been  verified  by 
a  number  of  measurements,  including  Herlin  and  Brown’s^  at  3000  Me  and 
Pirn’s®  at.  200  Me. 

The  fact  that  the  curve  flattens  out  for  pd  greater  than  about 
25  mm  Hg-cm  indicates  that  for  these  values  of  pd  electron  loss  by 
diffusion  to  the  walla  is  negligible  and  the  predominant  loss  is  by 
attachment.  That  is,  the  walla  no  longer  play  a  part  in  removing 
electrons  and  so  any  value  of  pd  requires  the  same  value  of  fi,/p  for 
breakdown.  The  equation  for  breakdown  under  this  condition  is  then 


P 

and  the  value  of  for  treekdown  ift  itppToXtflVftt.ely  .30. 


FIG.  2 

SOLUTION  FOR  PARALLEL  PLATE  CW  BREAKDOWN 
From  Gould  and  Roberts 
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For  values  of  pd  leas  than  25  nun  Hg-cm,  electrons  are  lost  to  the 
plates  by  diffusion,  and  higher  values  of  E^/p  are  required  to  make  up 
for  the  increased  loss. 

Since  the  value  of  E^/p  for  a  given  pd  varies  only  slightly  over  the 
range  of  0  pX.  ^  SOOOi  where  X.  is  the  wavelength  in  cm,  a  normalized 
curve  of  £,/p  as  a  function  of  pd  has  been  plotted  in  which  the  parameter 
pX.  has  been  eliminated  by  plotting  only  the  values  of  E^/p  for  pX  =  0- 
This  curve,  shown  in  Fig.  3,  with  the  aid  of  the  correction  shown  in 
Fig,  4,  contains  all  the  information  necessary  to  determine  the  value  of 
F,/p  for  any  pX  and  pd.  The  relation  between  the  value  of  £,/p  at  a  given 
pX  and  for  pX  =  0  is 

+  A  =  ) 

pk  '  ^  ' p\  =  0 

where  A  is  given  in  Fig.  4  and  (J?, /P  shall  be  called  (£,  /P)a- 


.ovncr-  L  oouLO 

*,  M«WOaOOK  ON  aHEPKOOWH  OF  Am 
w  wvtauloe  usuMS  itssi 


FIG.  3 

NORMALIZED  SOLUTION  FOR  PARALLEL  PLATE  CW  BREAKDOWN 
From  Gould  and  Roberts 
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FIG.  4 

NORjyTATIZCTI^^ 

FromUouTd'antTRolwfls  . . 


Also  shown  in  Fig.  3  are  the  results  of  a  series  of  measurements  by 
Herlin  and  Brown^  at  a  wavelength  of  9.6  cm.  Their  data,  which  were 
presented  as  curves  of  £  as  a  function  of  p  for  three  different  values  of 
d,  has  been  converted  into  the  notation  of  E,/p,  pA,  and  pd,  These^..  data 
extend  Gould  and  Boberts  data  2  orders  of  magnitude. 


C.  PULSED  BREAKDOWN  OF  PARALLEL- PLATE  SYSTEMS 

1.  Single  Pulse 

For  breakdown  to  occur  within  a  single  pulse  width,  T,  it  is  necessary 
for  the  electron  density  to  build  up  to  some  breakdown  value,  nj,.  in  a 
finite  time,  Referring  to  Eq.  (15),  the  left  hand  side  of  the  equation 
is  no  longer  zero  but  some  finite  value.  Gould  and  Roberts®  have  solved 
Eq.  (1.5)  and  obtained  a  solution  in  the  form  of 


B 


P 


f[pd,  pr,  p\] 


A  ratio  of  10®  was  assumed,  since  and  are  somewhat  indeter  ¬ 
minate,  and  since  10®  produced  the  closest  check  with  experimental 
results.  Their  data  are  shown  in  Fig.  5. 

Once  again  there  is  a  region  over  which  the  curve  flattens  out.  As 

pT  is  increased  for  a  given  pd,  the  breakdown  approaches  the  character  of 

a  GW  breakdown.  When  there  is  no  longer  any  decrease  of  £^/p  with 

increasing  pr,  the  breakdown  is  precisely  the  same  as  in  the  CW  case. 

The  shorter  the  value  of  r,  the  more  rapidly  must  the  electron  density 
build  up  to  reach  n^.  This  can  be  done  if  the  ionization  rate  (and 
hence  B^/p)  ia  increased  while  the  attachment  and  diffusion  losses  remain 
the  same  or  become  smaller.  The  attachment  loss  is  constant  as  a  function 
of  7,  but  the  diffusion  loss  decreases  as  r  decreases,  since  there  ia 
less  time  for  the  electrons  to  diffuse  to  the  walls.  However,  in  general 


•  T-iri 


FIG.  5 

SOLUTION  FOR  PARALLEL  PLATE  PULSED  POWER  BREAKDOWN 
From  Gould  and  Roberts 
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the  decrease  in  diffusion  loss  is  more  than  offset  by  the  reduced  time 
available  for  the  electron  density  to  reach  n^.  Thus  as  pT  decreases, 
for  a  given  pd,  E^/p  increases. 

In  addition,  since  at  lower  values  of  pr  the  diffusion  loss  become.s 
leas  important  than  the  attachment  loss,  the  curves  for  dif  ferent  values - 
of  pd  tend  to  merge  as  pr  decreases.  That  is,  the  spacing  between  the 
plates  no  longer  is  important  v»hen  the  breakdown  process  is  attachment- 
controlled  . 

2.  Multiple  Pulse 

If  the  pulse  repetition  frequency  (PHF)  is  sufficiently  high, 
breakdown  may  occur  at  lower  values  of  £,/p  than  for  single  pulse  break¬ 
down.  This  may  be  explained  as  follows; 

Consider  a  pulse  of  amplitude  slightly  below  the  value  necessary  to 
produce  single  pulse  breakdown.  Even  though  breakdown  does  not  occur,  a 
elgn.i.fi-CJUit, electron  density  is  produced  while  the  pulse  is  on.  When 
the  pulse  is  Uift  elaetron  d&nsvt-y  .ds&taaAcs-due  to  recombination , 

diffusion  and  attachment.  However,  these  processes  require  a  finite  time. 
Therefore,  when  the  next  ptilae  occurs,  the  initial  electron  density,  Oj, 
for  this  pulse  will  be  greater  than  for  the  first  pulse,  so  that  the 
electron  density  at  the  end  of  the  second  pulse  will  be  greater  than  at 
the  end  of  the  first  pulse.  After  a  sufficient  number  of  such  pulses, 
breakdown  will  occur.  The  shorter  the  time  between  pulses  (higher  PRF) 
the  larger  will  be  the  residual  electron  density  from  the  previous  pulse, 
and  therefore  a  lower  value  of  E^/p  will  be  required  for  breakdown. 

Measurements  of  this  phenomenon  have  been  made  by  Gould  and  Roberts 
and  by  Allen  and  Keenan.'®  Gould  and  Roberts'  results  are  shown  in  Fig.  6. 
As  can  be  seen  from  the  figure,  over  the  usual  range  of  pulse  repetition 
frequencies  used  in  radars,  the  variation  of  S,/p  with  PRF  is  a  relatively 
small  factor.  Over  the  entire  range  of  parameters  described  by  Allen  and 
Keenan  the  value  of  fc'^/p  varies  only  by  a  factor  of  two  at  the  most. 

One  further  point  illustrated  by  the  measured  results  is  that  the  PRF 
at  which  E^/p  begins  to  depart  from  the  single  pulse  values,  increases 
with  increasing  pressure.  That  is,  the  time  between  pulses  must  decrease 
as  the  pressure  increases  in  order  for  there  to  be  a  significant  increase 
in  electron  density  from  pulse  to  pulse.  This  is  reasonable  when  it  is 
realized  that  the  recombination  rates  increase  as  the  pressure  increases. 
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FIG.  6 

RESULTS  OF  THE  EFFECT  OF  PRF  ON  BREAKDOWN 
From  Gould  and  Roberts 


D.  CW  BREAKDOWN  OF  RECTANGULAR  WAVEGUIDE 


When  side  walls  are  added  to  a  parallel  plate  structure,  a  rectangula 
waveguide  is  formed.  This  discussion  shall  be  limited  to  the  TE^^  mode  of 
excitation  of  such  a  waveguide.  The  main  effect  of  adding  aide  walls  is 
to  alter  the  field  configuration  between  the  parallel  plate.s.  The 
transverse  field  distribution  from  the  bottom  to  the  top  plate  is  still 
uniform,  but  this  field  now  has  a  sinusoidal  variation  of  the  form 
sin  {TTy /2a.)  across  the  waveguide,  where  y  is  measured  from  one  side  wall 
and  a  is  the  guide  width.  Since  the  field  is  no  longer  uniform  across 
the  waveguide,  transverse  diffusion  as  well  as  diffusion  to  the  top  and 
bottom  walla  may  be  an  important  mechanism  for  the  removal  of  electrons. 
That  is,  electrons  produced  near  the  center  of  the  waveguide  will  diffuse 
into  field  regions  where  they  no  longer  can  obtain  ionizing  energy  and 
hence  are  not  effective  in  producing  breakdown.  Since  the  electron  loss 
mechanism  has  been  increased,  it  would  be  expected  that  higher  values  of 
E^/p  would  be  required -for.  .waveguide  .breakdown  than,  for  parallel  plate 
-breakdown^  That  this  is  actually  the  case  Is  illustrated  in  Fig.  7,  taken 
'Xfom  tTdtnin^eport .  '^“ihr'xhtB-itfUTC  the  varlue  of  GW  E^/p  for  breakdown 
as  a  fithohidh  at  pk  Lb  is  the  height  of  the  waveguide)  is  iLLottod  for 
several  values  of  the  ratio  a/6.  For  a  given  value  of  b,  the  larger  the 
ratio  a/6,  the  more  slowly  the  transverse  field  varies  and  hence  the  more 
closely  waveguide  breakdown,  appears  like  parallel  plate  breakdown.  Thus, 
fur  each  value  at  pb  the  largerthe  ratio  a/6,  the  amaller  is  the  required 
E^/p  for  breakdown.  The  curve  for  o/6  >  8  ia  almost  identical  with  the 
parallel  plate  breakdown  data. 

For  the  larger  values  of  pb .  where  attachment  ia  the  dominant  loss 
mechanism,  the  transverse  diffusion  of  electrons  in  rectangular  waveguide 
is  unimportant  for  all  values  of  a/b  considered.  Therefore,  at  these 
values  of  pb  the  ratio  of  a/b  makes  little  difference  and  all  the  curves 
merge  to  the  value  for  attachment  controlled  parallel  plate  breakdown. 

E.  PULSED  BREAKDOWN  OF  RECTANGULAR  WAVEGUIDE 

As  may  be  gathered  from  the  numerous  references  to  the  work  of  Gould 
and  Robert.s,  that  source  has  been  used  as  a  starting  point  for  much  of  the 
work  that  the  authors  of  this  report  have  carried  out.  Valuable  as  their 
work  is,  however,  their  data  are  limited  to  values  of  E^/p  less  than  about 


15 


FIG.  7 

RESULTS  OF  CW  BREAKDOWN  IN  RECTANGULAR  WAVEGUIDE 
From  Gould  and  Roberts 
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80  volts/cm/mm  Hg.  Therefore,  in  order  to  check  our  experimental  technique 
against  previously  measured  results,  and  also  to  extend  the  data  beyond 
the  presently  available  range,  measurements  of  breakdown  inside  a  rectangular 
waveguide  were  made. 

-  Measurements  were  made  on  a  standard  size  J^-band  rectangular  waveguide 

(inside  dimensions  a  °  0.9  inches,  b  °  0.4  inches)  radiating  into  free 

apace.  Under  these  conditions  the  input  VSWR  was  1.7  with  the  maximum 

voltage  point  not  in  the  aperture.  This  ensured  that  the  breakdown  would 

occur  inside  the  guide  and  not  in  the  aperture.  At  the  same  time  the  VSWR 
iras  low  enough  that  longitudinal  variations  in  the  field  should  have  only 
a  small  effect  on  the  results.  A  waveguide  many  wavelengths  long  was  used 
so  that  the  aperture  was  far  from  the  point  of  breakdown,  and  so  that 
higher  order  modes  were  nob  present  near  the  breakdown  point. 

A  block  diagram  of  the  experimental  set-up  is  illustrated  in  Fig.  8. 

Note  the  use  of  a  atrip  of  polonium,  an  alpha  particle  source,  taped  to 
the  inside  side  wall  of  the  waveguide.  To  initiate  the  breakdown  process_ 

aHhree"e-l-Uctron— is— requiTedT7  -U*^^g— tlvia-aource-^meeaureraenta  w^re^ui  fet. _ .. _ 

repeatable  wiTtRout  waTtTng  rdr'ldlig  ’plTTo’ds'ST  tilins. 

Power  waa  measured  through  a  calibrated  directional  coupler,  a 
calibrated  variable  attenuator,  and  a  bridge  type  of  power  meter.  A 
ferrite  isolator  in  the  line  directly  out  of  the  magnetron  prevented  the 
occurrence  of  appreciable  power  variations  or  frequency-pulling  under 
breakdown  conditions. 

The  reflected  pulse  waa  monitored  on  an  oscilloscope  and  breakdown 
was  determined  by  any  alteration  in  either  the  amplitude  or  shape  of  the 
reflected  pulse.  Since  the  breakdown  was  occurring  inside  the  waveguide 
it  was  more  certain  to  determine  breakdown  by  the  change  in  the  reflected 
pulse  than  by  visual  observations.  In  general,  even  when  visual  observa¬ 
tion  is  possible,  as  on  an  antenna  aperture,  for  weak  breakdowns  the 
reflected  pulse  method  is  more  sensitive  than  visual  observations  of  the 
aperture.  Further,  since  the  effect  of  breakdown  on  a  system  is  of 
concern,  measured  electromagnetic  effects  are  more  important  than  visual 
effects . 

Three  pulse  widths  (approximately  0.5,  1.0,  and  2.3  microseconds) 
were  available,  and  data  at. each  pressure  were  taken  with  all  three. 
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BLOCK  DIAGRAM  OF  EXPERIMENTAL  SET-OP  USED  IN  X-BAjjlDi  PULSED  POWER  BREAKDOWN  MEASUREMENTS  ON 

RECTANGULAR  mVEGUIDE 


Since  the  breakdown  fields  are  not  greatly  affected  by  PRF,  a  value 
of  200  pps  was  chosen  rather  arbitrarily  for  these  measurements.  A  plot 
of  the  directly  measured  parameters,  peak  power  and  pressure,  is  shown 
in  Fig.  9.  These  curves  exhibit  the  usual  pattern  for  breakdown,  with 
a  minimum  power  for  breakdown  required  at  approximately  the  pressure  at 
which  the  collision  frequency  equaljs  the  angular  rroquency.  In  this  case 
the  measured  minimum  occurs  at  a  pressure  of  about  5  mm  Hg  while  the 
pressure  at  which  =  oo  ia  about  11  mm  Hg. 

The  data  on  power  have  been  transformed  into  electric  field  values 
(see  Appendix  D),  and  the  data  normalized  into  terms  of  (£,/p)„i  >  and 

pb.  The  results  are  plotted  in  Fig.  10.  Also  shown  for  comparison  is 


FIG.  9 

PEAK  POWER  AS  A  FUNCTION  OF  PRESSURE  TO  INITIATE  BREAKDOWN 
IN  A  RECTANGULAR  WAVEGUIDE  AT  X-BAND 
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FIG.  10 

(Eg/p)j,  AS  A  FUNCTION  OF  prFOR  DIFFERENT  VALUES  OF  pb  FOR  A  RECTANGULAR 
WAVEGUIDE  WITH  a/b- 2.25 
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the  entire  range  of  data  available  from  Gould's  report.'*  The  agreement 
between  their  data  and  the  measured  data  over  the  range  where  these  two 
sets  of  data  overlap  is  quite  good. 

The  CW  breakdown  values  of  (E^/p)^  taken  from  Berlin  and  Brown's® 
data  on  parallel  plates  are  indicated  at  the  highest  value  of  pr  plotted 
(pr  «  10~’  mm  Hg-aec).  These  values  are  taken  as  asymptotes  which  should 
be  reached  as  pr  increases  indefinitely.  The  dashed  lines  connecting  the 
measured  pulse  data  with  the  CW  data  are  estimated  values  and  are  drawn 
to  conform  with  the  pattern  characteristic  of  the  variation  of  (£,/p)„  ub 
a  function  of  pr  for  2.5  <  pb  <  The  close  agreement  between  the  two 
sets  of  data  over  the  range  2.5  ^  pb  i  suggests  that  some  degree  of 
confidence  may  be  placed  in  the  estimated  curves. 

In  order  to  verify  the  effect  of  PRF  on  breakdown  power,  a  aeries  of 
measurements  were  made  in  which  the  peak  power  for  breakdown  as  a  function 
of  PRF  was  measured  for  pressures  above,  at,  and  below  the  minimum.  The 
results  are  shown  in  Fig.  11.  At  each  pressure  the  data  have  been 

inmiirldr?i^:tTr  -the— pwak-powcr_Tft>r-breakdo»n-  Bt--one  -iml«e  -  per— aeoonit-  - -The - 

results  are  similar  to  ^ose  oT  previous  wdrlTerir,  "desTriEell ‘iTTh 
S^CCl<3Ti. 

The  variation  in  peak  power  for  breakdown  for  the  range  of  PRF’s  from 
1  to  200  is  less  than  5%  over  the  pressure  rango  from  0.7  to  greater  than 
30  mm~Hg.  Therefore,  the  results  shown  in  Fig.  10  should  be  applicable 
with  only  a  small  error  for  PRF's  other  than  200. 

In  Fig.  12  the  curves  of  power  required  to  initiate  and  to  maintain 
breakdown  for  a  matched  waveguide  as  a  function  of  pressure  are  plotted 
for  a  pulse  width  of  1.0  microseconds.  Throughout  the  whole  pressure 
range  over  which  measurements  were  made  there  is  only  a  small  difference 
between  bhe  initiating  and  the  maintaining  power.  This  is  so  because 
the  breakdown  is  essentially  a  single  pulse  breakdown  and  therefore 
extinguishes  itself  at  the  end  of  every  pulse.  Even  under  ambi-polar 
diffusion,  when  bhe  pulse  is  off,  the  electron  density  decreases  rapidly  - 
compared  to  the  period  between  the  pulses. 

F.  CW  BREAKDOWN  OF  COAXIAL  LINES 

Radio  frequen-'y  breakdown  within  coaxial  lines  has  been  studied  by 
Gould"  and  Berlin  and  Brown.**  In  coaxial  lines  the  radial  field  varies 
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NORMALIZED  PEAK  POWER 


aa  Tj/r  (tj  is  the  inner  conductor  radius  and  r  ia  the  radial  distance 
measured  from  the  center  of  the  inner  conductor)  with  the  maximum  field 
at  the  surface  of  the  inner  conductor  so  that  radial  diffusion  is 
important.  As  electrons  are  formed  in  the  high  fields  near  the  inner 
conductor  they  diffuse  radially  outward  and  enter  lower  field  regions 
where  they  cannot  gaTn  ionizing  energy  .  ^AT“th"e  hi"gher  pressures- where 
the  mean  free  path  is  small  the  breakdown  tends  to  form  about  the  inner 
conductor.  At  lower  pressures  the  mean  free  path  increases  so  that  the 
random  velocity  of  the  electrons  may  carry  them  away  from  the  inner 
conductor  before  they  collide  with  a  gas  molecule.  Therefore,  at  lower 
pressures  the  breakdown  occurs  at  some  distance  from  the  inner  conductor 
moving  outwards  as  the  pressuredecreases. 

The  theoretical  analysis  of  coaxial  line  breakdown  is  complicated  by 
the  fact  that  the  ionization  frequency,  the  attachment  frequency  and  the 
diffusion  coefficient  are  all  functions  of  the  radial  distance  r. 

Gould^^  has  given  the  results  of  his  solution  of  the  breakdown  equation 

- foc-a— value— o-£_r-y,/g-^-_a_-2. 3  is’  the  outer  conductor  radius)  which 

ear r esfnrnifr  tcTi:wTt--nnpedwhce~of 

ftstbodnirf  aa  lfftioTi  is  irot  given  ,  so  that  daia.  for  -other  -v a  liras  of-  ^ 
cannot  be  calculated.  Also,  his  date  only  extend  to  values  of  (£„/)>)„ 
of  about  85.  Gould's  calculated  data  are  presented  in  Fig.  15. 

Merlin  and  Brown^  have  used  an  approximate  analysis  and- described 
the  details  of  their  solution.  Using  curves  of  C  (ionization/vult^ )  aa  _ 
a  function  of  E/p  which  have  been  determined  from  parallel  plate  data, 
they  approximate  the  .actual  variation  of  C  as  a  function  of  E/p  by  a 
straight  line  (on  log-log  paper)  which  is  tangent  to  the  actual  curve 
at  the  value  of  E/p  which  corresponds  to  the  field  at  the  surface  of  the 
inner  conductor.  With  this  approximation  a  solution  of  the  diffusion 
equation  in  terms  of  Bessel  functions  is  obtained.  Introducing  the 
boundary  conditions  for  the  electron  density  at  and  (n»0)  a  complete 
solution  is  obtained.  However,  since  there  is  a  different  curve  of  ^  as 
a  function  of  E/p  for  every  value  of  p\,  a  different  solution  is  obtained 
for  each  value  of  pK,  The  solution  for  p\  =  ®  has  been  worked  out  by 
Merlin  and  Brown ^  end  should  be  useful  down  to  values  of  pk  greater  than 
100  mm  Hg-cm.  Fig.  14  presents  the  results  in  graphical  form.  These 
data  check  quite  well  with  Merlin  and  Brown’s  experimental  results  as  well 
as  with  the  measured  results  of  Paska'^  on  a  variety  of  coaxial' lines.  These  data  can 
be  converted  into  Gould's  notation  with  the  results  shovm  in  Fig.  15. 
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Just  as  in  tho  parallel  plate  caae,  at  high  values  of  pressure  or  large 
values  of  r|^  the  curve  flattens  out,  In  fact  it  flattens  out  to  approxi¬ 
mately  the  same  value  of  iS^/p)„  aa  for  parallel  plates.  The  reason  for 
the  flattening  is  that  the  major  lose  mechanism  for  large  p  is  attachment. 
For  large  values  of  and  p,  the  field  is  slowly  varying  with  radial  dis¬ 

tance  near  the  inner  conductor.  Because  of  the  high  pressure  the  electrons 
can  collide  often  in  this  high  field  region,  thus  producing  ionization  near 
the  inner  conductor.  Increasing  beyond  this  point  will  not  decrease 
(£^/p)^  since  the  radial  field  is  already  almost  uniform  within  the  range 
of  electron  motion.  As  is  made  smaller,  the  field  within  the  electrons 
range  of  motion  becomes  less  uniform  and  high  energy  electrons  can  move 
into  low  field  regions  without  gaining  ionizing  energy.  Thus 
increases  as  pr^  decreases.  In  this  case  electrons  are  ‘‘lost''  by  diffusion 
to  the  low  field  regions  while  in  parallel  plate  breakdown  they  are  “lost” 
by  diffusion  to  the  walls. 

The  exten.sion  of  coaxial  line  breakdown  to  monopole  antenna  breakdown 
is  discussed  in  Sec.  III. 
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FIG.  14 

COAXIAL  LINE  CW  BREAKDOWN  DATA  FOR  p\-  oo 
From  Herlln  and  Brown 
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Ill  CYLINDRICAL  MONOPOLE  BREAKDOWN 


A-.  COMPARISON  BETWEEN  CGAXIAL-L-INE  AND  C-YEINDRIGAL  MONOPOLE 

BREAKDOWN 

With  the  background  material  on  coaxial  line  breakdown  preaented  in 
Sec.  Ill  the  prooeaa  of  CW  voltage  breakdown  on  circularly  cylindrical 
monopole  antennaa  may  be  underatood .  The  discussion  is  presented  in  terms 
of  monopole  antennas,  although  the  results  should  be  applicable  to  dipole 
breakdown  when  the  breakdown  is  near  the  tips  of  the  dipole.  The  monopole 
is  referred  to  because  ill  the  measurements  were  made  on  this  antenna 
rather  than  on  a  dipole.  Accurate  measurements  on  monopoles  are  simpler 
to  carry  out  than  on  a  dipole.  The  configuration  to  be  discussed  is 
illustrated  in  Fig.  16. 

There  ere  two  types  of  breakdown  on  monopoles.  The  first  ocours 
When  ^tha  lenj^  -Bf  s^t^enl^~ 

is  at  the  tip  of  the  monopole  (tip  breakdown),  sucl^  as  when  the  monopole 
is  about  K/A  long.  The  second  type  occurs  w¥en  the  maximum  fieTd  atrehgth 
is  at  the  foed  point  (feed  breakdown),  auch  aa  when  the  monopole  is  about 
X/2  long.  Which  type  of  breakdown  will  occur  can  usually  be  predicted 
from  a  knowledge  of  the  voltage  distribution  along  the  monopole,  although 
in  cases  where  the  tip  and  feed  point  fields  are  approximately  the  same 
it  may  be  difficult  to  say  where  the  breakdown  will  occur  because  of  the 
different  geometry  and  hence  different  diffusion  rate  in  the  two  cesea. 

The  radial  field  variation  near  the  tip  of  a  monopole  ia  a  complex 
function  of- poiition,  but  may  be  approximated  by  a  r^/r  fall-off,  where 
is  the  radius  of  the  monopole.  This  field  configuration  near  the  tip 
is  the  same  as  for  a  coaxial  line  with  where  and  Tj  are  the 

outer  and  inner  radiua  of  the  coaxial  line.  It  ia  true,  however,  that 
the  monopole  ends,  while  the  coaxial  line  is  assumed  to  be  infinitely 
long.  But  in  these  cases  where  the  distribution  along  the  length  of  the 
monopole  is  slowly  varying  (alow  with  respect  to  the  range  of  the  electrons 
and  the  radial  field  fall-off),  the  breakdown  condirtions  a  amall  distance 
from  the  tip  (see  point  x  in  Fig.  16)  will  look  quite  similar  to  the 
conditions  for  coaxial  line  breakdown.  Here  again,  the  dominant  electron 
loss  mechanisms  will  be  attachment  end  diffusion  out  of  the  high  field 


region. 
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^OROUND  PLANE 


bOAXIAL  FEED  LINE 


FIG.  16 

:WdNOPOL£^G©^sMijSiieIK^iS 
ON  BREMPOWN-STUPtES 


With  a  coaxial  line 
feeding  the  monopole,  the 

X _ “1 - “TT" 

radial  field  variation  at  the 

I 

feed  point  ia  approximately 
Fj/r  also.  Breakdown  at  the 

~foeJ  poTnt  ia  more  compli-  h 

cated  due  to  the  presence  of 
the  dielectric  inaulator  aa 

well  as  a  ground  plane  near  teflon  bead .oround  plane 

the  breakdown  point.  This  \ 

plane  provides  a  surface  to 

which  electrons  may  diffuse 

in  addition  to  any  radial 

diffusion  losses  that  may  be  ,  f^oaxial  feed  line 

present.  Thus,  for  the  same 
pressure  and  field  strength 
at  the  tip  and  at  the  feed 

-  Roi»tT--xt  -would^-b e .expected _ _  _ _ _ _ _ 

■  ~thBC“T;Sfe  ^  1  p  wtrli}  "lirTsslf  "down —  — — ^l(idNOP.OI£r„C-©fclilSURATl;®J=JJilC£^5Rl=r=^^i^^ 

jrr  «  ,  .  ON  BREAKPOWN-STUBIES 

fTieet.  Once  the  tip  hai  iv.uv 

broken  down,  the  distribution 

along  the  monopole  will  bo  Vadidairy  dk^an^dV  Tlie  field  distribution  near 
the  feed  point  is  further  complicated  by  the  presence  of  non-propagating, 
higher  order  modes  set  up  by  the  discontinuity  in  the  transition  from 
coaxial  line  to  monopole. 

In  order  to  confirm  thet  monopole  breakdown  near  the  tip  may  be  con¬ 
sidered  as  an  extreme  case  of  coaxial  line  breakdown,  a  computation  of  the 
breakdown  fields  at  the  surface  of  a  coaxial  line  with  ^  ^  was 

carried  out  along  the  lines  suggested  by  the  work  of  Herlin  and  Brown.  ^ 

The  results  are  necessarily  rough  because  of  the  limited  data  available 
for  the  graphical  portion  of  the  analysis.  The  results  have  been  put  into 
terms  of  (£^/p)^  and  pry  and  are  shown  in  Fig.  17.  Next,  a  measurement 
was  made  of  the  power  required  to  produce  CW  breakdown  at  the  tip  of  a 
monopole  approximately  a  quarter- wavelength  long  as  a  function  of  pressure. 
The  measurement  was  made  on  a  Vs  inch  diameter  brass  rod  at  240  Me.  k 
block  diagram  of  the  measurement  set-up  is  shown  in  Fig.  18.  Breakdown 
was  determined  by  a  change  in  the  incident  power  and/or  visual  observation 
of  a  glow  at  the  tip.  The  measured  results  are  shown  in  Fig.  19.  Both 
power  to  initiate  breakdown  and  power  to  maintain  breakdown  are  shown. 
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FIG.  17 

COMPUTED  VALUES  OF  iUpL  AS  A  FUNCTION  OF  pr.  FOR  CW  BREAKDOWN  BETWEEN 
.  CQAXiAl.  CYUNIIRS,  WHEN  .t^Lr^cp _ 


FIG.  18 

BLOCK  DIAGRAM  OF  MEASUREMENT  SET-UP  FOR  CW  BREAKDOWN  STUDIES  OF  MONOPOLE  ANTENNAS 
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FIG.  19 

CW  POWER  TO  INITIATE  AND  MAINTAIN  BREAKD'OWN  ON  A  MONOPOLE  0,24)^  -LWG 


Note  that  there  ia  an  appreciable  difference  between  these  two  values  as 
opposed  to  the  pulsed  breakdown  case.  This  difference  is  attributed  to 
the  process  of  ambi-polar  diffusion  being  important  as  a  factor  which 
decreases  the  electron  losses  after  breakdown  as  compared  to  the  free 
diffusion  losses  before  breakdown. 


Using  a  calculation  discussed  in  Appendix  A,  the  power  was  translated 
into  terms  of  field  at  the  surface  of  the  monopole  at  the  monil'itpole  tip. 

This  value  of  field,  combined  with  the  pressure  and  the  monopole  radius, 
was  put  into  the  form  of  (E ^/p)  ^  and  pr,.  These  results  are  plotted  in 
Fig.  20  so  that  a  comparison  between  the  measured  values  and  the  values 
computed  on  the  basis  of  coaxial  line  breakdown  could  be  made,  Also  shown 
are  the  measured  data  for  the  coaxial  line  breakdown  of  a  coaxial  cavity 
with  Tj  =  Vi6-inch  and  =  48.  The  two  pieces  of  measured  data  agree 

quite  well,  while  the  calculated  data  is  in  fair  agreement  with  the  measured 
monopole  date.  The  agreement  is  satisfactory  in  view  of  the  probable  errors 
in  the  measured  quantities,  uncertainties  in  translating  power  to  surface 
fields,  and  uncertainties  in  the  calculated  values. 
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COMWTfD  AFTCft  IWWN  FOR  UWWt  4  OO**'**-  “J*** 
WSRAOC  OF  MIAIURIO  DATA  FOA  MONOFOCtS 
ktlAKMU  OPfN  CIRCUITtO  COAXIAL  CIWTY  r,/r|*4B 


FIG.  20 

COMPUTED  VAUIES  OF  (Up)u  AS  A  FUNCTION  OF  pr,  FOR  CW  BREAKDOWN  BETWEEN 

WHEN  r2^r,-cp,  aSdIvERAGE  OF  MEASURED  VALUES  FOR  0.24\-LONG  MONOPOLE  ANTENNAS 

B.  EFFECTS  OF  MONOPOLE  DIAMETER  AND  HEIGHT  ON  CW  BREAKDOWN 

In  order  to  verify  that  similarity  relations  would  hold  between  mono¬ 
poles  with  different  diameters,  measurements  were  made  on  monopoles  of  the 
same  height  but  with  diameters  of  Vu.  */«,  and  V*  inch.  The  results  in 
terms  of  (F,/p)„  and  pr ^  are  given  in  Fig.  21.  The  agreement  is  quite 
good,  showing  that  E  <=  F  (r,p). 

The  results  in  t.erma  of  power  are  shown  in  Fig.  22.  At  pressures 
above  the  minimum,  the  thickest  monopole  has  the  largest  power  handling 
capability.  However,  at  pressures  below  the  minimum,  the  three  curves 
merge,  demonstrating  that  monopole  thickness  has  little  to  do  with  power 
handling  capability  at  low  pressures.  If  maximum  radiated  power  without 
breakdown  at  any  pressure  is  of  concern,  then  the  thickest  antenna  will 
be  the  best  to  use.  This  behavior  may  be  understood  qualitatively  by 
considering  the  radial  electric  field  distribution  for  the  various 
diameters. 


( ^p)ie  —  VDLT/cm/mm  H 


FIG.  21 

MEASURED  VALUES  OF  (E,/p)^  AS  A  FUNCTION  OF  pr,  FOR  THREE  DIFFERENT  MONOPOli  DIAMETERS 

The  impedancea  are  approximately  the  same  for  different  diameter 
monopoles  over  a  large  range  of  diameters .  Therefore,  the  power  radiated 
per  input  volt  will  be  about  the  same  for  different  diameter  monopolea. 

The  antenna  with  the  greatest  number  of  input  volts  without  breakdown  will 
radiate  the  most  power. 

For  one-volt  input  at  the  feed  terminals,  the  total  charge  at  the 
monopole  tip  will  be  approximately  the  same  for  monopoles  of  different 
diameter.  However,  the  maximum  electric  field  at  the  monopole  surface 
will  be  inversely  proportional  to  the  diameter.  Therefore,  the  thickest 
monopole  will  have  the  lowest  surface  electric  field  per  input  volt.  At 
high  pressures,  the  radial  extent  of  the  region  in  which  ionization  occurs 
is  small  compared  to  the  radius  of  the  monopole,  so  that  the  field  is 
relatively  constant  throughout  this  region.  For  this  condition  the 
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important  parameter  is  the  value  of  the  electric  field  at  the  surface  of 
the  antenna.  Therefore,  the  monopole  of  large  radius  requires  more  power 
to  initiate  breakdown  than  the  thin  monopole.  At  low  pressure,  both 
because  of  increased  electron  diffusion  and  reduced  electron  production 
per  unit  volume,  the  radial  dimensions  of  the  volume  in  which  ionization 
occurs  becomes  substantially  greater  than  the  radius  of  the  monopole.  For 
this  situation  the  radius  of  the  antenna  is  of  small  importance  and  mono¬ 
poles  of  different  radii  tend  to  require  the  same  power  for  breakdown. 

In  order  to  justify  the  assumption  that  the  axial  distribution  of 
electric  field  is  of  little  significance  for  breakdown  near  the  tip  when 
the  distribution  is  slowly  varying  (as  previously  defined),  a  series  of 
measurements  were  made  on  monopoles  of  heights  ranging  from  0.08A  to 
0.32X..  Brass  rods  Vt  inch  in  diameter  were  us.ed  for  all  the  antennas,  and 
all  measutements  were  made  at  240  Me.  The  curves  of  power  to  initiate 
breakdown  are  shown  in  Fig.  23.  They  all  exhibit  similar  characteristics, 
with  the  longest  monopole  capable  of  radiating  the  greatest  amount  of  power 
without  breakdown.  Applying  the  results  of  King**  for  the  charge/input  volt 
at  the  tip  of  a  quarter-wavelongtlOionjojpble  ^s  describeTd  in  Appendix- A,  — 
and  normalizing  again  to  (£,/p)„  and  ptj,  the  curves  of  Fig.  24  were  ob¬ 
tained.  It  is  apparent  that  there  is  little  change  -in  the  values  of 


FIG.  22 

MEASURED  VALUES  OF  POWER  TO  INITIATE  BREAKDOWN  AS  A  FUNCTION  OF  PRESSURE  FOR 
THREE  DIFFERENT  MONOPOLE  DIAMETERS 
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FIG.  23 

MEASURED  VALUES  OF  POWER  TO  INITIATE  BREAKDOWN  AS  A  FUNCTION  OF  PRESSURE 
FOR  MONOPOLES  0.08\,  0.16\,  0.24X,  AND  0.32X 
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FIG.  24 

NORMALIZED  VALUES  OF  BREAK^JOWN  PARAMETERS  FOR  ON  BREAKDOWN  OF  MONOPOLES, 

FOR  MOiWPOLE  LENGTH  OF  0.08X  TO  0. 32X 

(£,/P)„  For  different  untenna  heights.  The  spread  of  data  is  easily 
accounted  for  by  uncertainties  in  the  measured  data  and  in  the  calculation 
of  the  field  in  terms  of  the  power.  Since  the  distribution  along  the 
antenna  changes  radically  when  the  length  is  varied  from  0.08^  to  0.32X, 
it  ia  concluded  that  for  thia  range  of  conditions  the  axial  distribution 
has  only  a  negligible  effect  on  breakdown 

That  frequency  scaling  was  'applicable  to  monopole  an'tennas  was 
demonstrated  by  measuring  the  breakdown  power  on  a  monopole  0.24X  at 
399.9  Me  (the  highest  frequency  high  power  CW  source  available).  The 
antenna  was  Vs  inch  in  diameter.  The  normalised  results  are  shown  in 
Fig.  25  along  with  the  measured  results  for  a  0.24X,  Va  inch  diameter 
antenna  at  240  Me.  The  agreement  is  sufficiently  good  to  confirm  that 
frequency  scaling  is  applicable. 
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The  data  shown  in  Fig.  21  as  well  as  the  data  for  various  antenna 
diameters  in  Fig.  24  have  been  averaged  to  give  in  a  single  curve  the 
approximate  value  of  (£,/p),  as  a  function  of  This  curve,  plotted 

in  Fig.  26,  should  be  useful  for  estimating  monopole  breakdown  over  a  wide 
range  of  conditions. 

A  study  of  breakdown  at  the  feed  point  was  made  by  using  an 
antiresonant- length  monopole  0.40  wavelength  long.  Measurements  were  again 
made  at  240-Mc  with  Vo'inch  diameter  brass  rod.  This  antenna  broke  down 
at  the  feed  point  throughout  the  entire  pressure  range  of  the  test.  The 
measured  results  are  shown  in  Fig.  27.  The  data  in  terms  of  (£,/p)„  and 
pr j  are  shown  in  Fig.  28.  The  data  were  plotted  in  this  way  so  that  a 
comparison  with  tip  breakdown  for  the  same  diameter  antennas  could  be  made. 
The  data  show  that  appreciably  higher  values  of  (Jf,/p)„  are  required  for 
feed  point  breakdown  as  compared  to  tip  breakdown  for  the  same  value  of 
P''j.  This  result  is  to  be  expected  since  the  presence  of  the  ground  plane 


FIG.  25 

NORMALIZED  VALUE  OF  BREAKDOWN  PARAMETERS  FOR  CW  BREAKDOWN, 
FOR  0.24X  MONOPOLES  AT  240  AND  399. 9  Me 
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FIG.  27 

CW  POWER  TO  INITIATE  AND  MAINTAIN  BREAKDOWN  OF  A  0.40X-LONG 
MONOPOLE  ANTENNA  AS  A  FUNCTION  OF  PRESSURE 
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FIG.  28 

(E./pl^  AS  A  FUNCTION  OF  pr  FOR  PEED  AND  TIP  BREAKDOWN 
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allows  the  loss  of  electrons,  by  diffusion  to  the  plane.  No  analytical 
solution  has  been  attempted  for  this  configuration. 

The  power  required  to  initiate  breakdown  as  a  function  of  antenna 
height  is  plotted  for  pressures  of  0.2  mm  Hg— the  pressure  at  which  minimum 
power  is  required  to— initiate  breakdown^rr-.in.-Fig . _ 29- — The_powM  to  initiate 
breakdown  for  antennas  that  break  down  at  the  tip,  increases  monotonically 
with  increasing  antenna  length  even  though  the  required  value  of  £,  for 
antennas  that  break  down  at  the  tip  is  the  same  regardless  of  length. 

This  distinction  between  the  power  to  initiate  breakdown  and  the  value  of 
for  breakdown  must  be  kept  in  mind  when  one  is  concerned  with  antennas 
which  are  to  radiate  power.  These  two  factors  are  related  by  the  impedance 
and  diijienaions  of  the  antenna  structure.  Thus,  if  one  is  interested  in 
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radiating  the  maximum  power  without  breakdown,  the  highest  obtainable  value 
of  is  not  necessarily  the  parameter  of  interest.  In  maximizing  £,  the 
impedance  may  be  changed  in  such  a  way  that  the  radiated  power  is  decreased. 
Thus,  though  is  the  same  for  tip  breakdown  of  monopoles  of  height  equal 
to  0.  OBh.,  0.16A.,  0,24h.  and  0.32h-,  the  power  to  initiate  breakdown  is  not 
the  same  because  of -the  variation  of  impedance  with  length. 

C.  EFFECTS  OF  TIP  SHAPE  ON  CW  BREAKDOWN 

In  general,  at  high-altitudes  and  high  radio  frequencies,  the  effects 
of  sharp  edges  on  the  breakdown  fields  become  insignificant.  This  is  due 
to  the  fact  that  at  high  radio  frequencies  many  collisions  of  electrons 
with  gas  molecules  are  necessary  before  an  electron  can  gain  ionizing 
energy.  Since  the  mean  free  path  is  larger  than  the  radius  of  curvature 
of  the  edge  no  large  increase  in  electron  density  can  occur  near  the  edge. 
That  is,  the  electrons  diffuse  away  from  the  localized  high  field  region 
before  an  appreciable  number  of  them  can  gain  ionizing  energy.  That  this 
is  true  was  confirmed  by  comparing  the  power  to  initiate  a  monopole  with 
rthofflijpbeTieili  Mp-^nd-qnej^jyi  a-f^lji^^ip^- — No-diffetenoe-  waa_obaerjtabJLe  .. 
below  about  10  mm  Ilg  pressure. 

A  more  systematic  experiment  was  conducted  in  which  the  tip  angle 
(see  Fig.  30)  was  varied  from  180  degrees  to  15  degrees.  The  measured 
power  to  initiate  breakdown  as  u  function  of  pressure  is  shown  in  Fig.  30. 
There  is  some  scatter  of  points,  but  it  is  clear  that  the  tips  with  smaller 
angles  broke  down  with  less  power  than  the  tips  with  larger  angles,  at  the 
higher  pressures.  As  the  pressure  was  reduced,  the  difference  decreased 
until  the  curves  merged  at  a  pressure  of  about  0.7  mm  Hg.  There  is  some 
slight  change  in  impedance  when  the  tip  angle  is  changed,  but  not  enough 
to  account  for  the  changes  in  breakdown  power  observed.  Even  if  there  were 
a  decrease  due  to  impedance  changes  the  variation  with  pressure  would  not 
be  as  shown — i.e.,  the  curves  would  not  merge  at  low  pressures. 

D,  PULSED  BREAKDOWN  OF  MONOPOLE  ANTENNAS 

The  behavior  of  a  monopole  antenna  subjoctwd  to  high  pulsed  power, 
was  also  investigated.  The  availability  of  a  pulsed  power  source  at  ^-band 
(9400  Me)  determined  the  frequency  of  operation.  This  choice  would  also 
allow  a  check  of  frequency  scaling  to  be  made  over  a  range  of  39  to  1 
(9400/240).  An  If- band  (0,4-  by  0.9-inch  inside  dimensions)  waveguide  was 
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CW  POWER  TO  INITIATI  BRIAKOOWN  ON  A  ^OPOLE  ANTENNA  0.24HONC  AS  A  FUNCTION 
OF  PRESSURE  FOR  DIFFERENT  TIP  ANGLES 


fitted  to  feed  a  quarter-wayelength  monopole  a, 3  illustrated  in  Fig.  31. 
Provision  was  made  for  DC  biasing  to  be  applied  to  the  monopole.  The 
results  of  biasing  will  be  discussed  in  a  later  chapter  The  assembly  was 
matched  to  a  standard  waveguide  section  by  means  of  an  inductive  post.  A 
wire  0.0115  inches  in  diameter  served  as  the  monopole  (this  corresponds 
to  a  diameter  of  0.45  inches  at  240  Mo).  The  measurement  set-up  was 
similar  to  that  shown  in  Fig.  8  for  tests  of  breakdown  in  rectangular 
waveguide.  Breakdown  was  detected  by  any  alteration  in  the  reflected  pulse. 
Even  though  a  radioactive  polonium  source  was  used,  breakdown  levels  at 
high  pressures  were  erratic.  Therefore,  the  power  to  initiate  breakdown 
without  waiting  any  length  of  time  was  recorded  and  compared  to  the  power 
to  initiate  breakdown  when  the  power  was  left  on  at  a  given  level  for 
sixty  seconds.  The  difference  between  these  two  readings  was  as  much  as 
12  db  at  50  mm  Hg  pressure  but  decreased  rapidly  to  about  1  db  at  pressures 
below  20  mm  Hg.  Measurement a  were  made  at  pulse  widths  of  0.6,  1.04,  and 
2.25  microseconds  with  the  largest  difference  in  readings  usually  occurring 
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CONFIGURATION  USED  FOR  MEASURING  PULSED  MONOPOLE 
BREAKDOWN  CHARACTERISTICS  AT  X-BAND 


for  the  smallest  pulse  width.  This  effect  may  be  due  to  a  combination  of 
short  pulse  widths,  high  pressure,  rapid  field  variation  with  radial 
distance,  and  insufficient  ionization  from  the  radioactive  source.  Because 
of  the  high  pressure  and  rapid  field  variation,  the  region  over  which  a 
largo  electron  density  can  build  up  is  limited  to  a  volume  very  close  to 
the  monopoly.  If  the  radioactive  source  is  not  sufficiently  strong  to 
produce  enough  electrons  in  this  volume  so  that  there  is  a  high  probability 
for  breakdown  while  the  pulse  is  on,  test  results  will  be  erratic.  The 
longer  the  pulse  width  the  greater  will  be  the  probability  for  breakdown^ 
with  a  given  source  strength.  Thus,  there  exists  a  smaller  spread  in  the 
2. 2S-microsecond  data  than  in  the  0, 6- microsecond  data.  That  is,  the 
strength  of  the  radioactive  source  necessary  fro  ensure  repeatable  results 
is  a  function  of  pulse  width,  pressure,  and  field  variation. 

The  measured  results  for  the  three  pulse  widths  are  given  in  Figs.  32 
through  34.  Note  chat  the  two  curves  for  each  pulse^width  tend  to  merge 
as  the  pressure  is  decreased. 


FIG.  32 

PULSE  POWER  BREAKDOWN  OF  A  0.24X-LONG  MONOPOLE  AT  X-BAND  WITH  A 
PULSE  WIDTH  OF  0.60  MICROSECOND 
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FIG.  34 

PULSE  POWER  BREAKDOWN  OF  A  0.24X-LON6  MONOPOLE  AT  X-BAND  WITH  A 
PULSE  WIDTH  OF  2.25  MICROSECONDS 
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The  data  for  at  least  one  breakdown  in  sixty  seconds  were  normalized 
P’"i>  plotted  in  Fig.  35.  The  striking  thing 

about  this  figure  ia  the  small  slope  of  the  curves  of  [E^/p)^  as  a  function 
of  pT  for  different  values  of  pr^.  Over  the  range  of  pv  measured,  there 
is  almost  no  change  in  (E,/p)„  required  for  breakdown  for  each’  value  of 
pTj.  Further,  since  the  measured  data  indicate  almost  no  change _in  (£{/p)„ 
with  pr  there  should  be  little  difference  between  CW  and  pulsed  breakdown 
data.  Therefore,  the  pulse  data  at  X-band  may  be  compared  with  the  GW  data 
at  240  Me  to  determine  how  well  scaling  laws  are  working.  Extending  the 
pulse  data  curves  to  pT  »  10“®  mm  Hg  seconds,  where  the  CW  values  are 
plotted,  the  curves  continue  as  almost  horizontal  lines,  indicating  that 
scaling  is  applicable  over  a  range  of  39  to  1  in  frequency. 


FIG.  35 

NORMALIZED  RESULTS  OF  BREAKDOWN  MEASUREMENTS  ON  A  0.2AX-LONG  MONOPOLE 

SXjbjected  to  x-band  pulse  power 
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IV  BREAKDOins  OF  APERTURE  ANTENNAS 


A .  BACKGROUND 

The  breakdown  of  aperture  antennas  requires  the  consideration  of 
factqrs  which  are  either  not  relevant  or  handled  differently  than  either 
transmission  line  breakdown  or  monopole  breakdown.  In  transmission  line 
studies  only  a  two  dimensional  field  variation  is  considered,  while  in 
aperture  breakdown  the  three  dimensional  field  variation  must  be  considered. 
In  monopole  antenna  breakdown  the  process  is  easier  bo  interpret  because 
the  field  variation  has  the  same  form  (r^/r)  for  different  values  of 
monopole  radii  over  the  normally  used  range  of  radii.  For  aperture  antennas 
this  is  not  true.  Very  thin  slot  antennas  have  field  variations  that  fall 
off  at  about  where  r  is  measured  from  the  aperture  plane  and  is 

the  equivalent  radius  of  the  complementary  dipole  but  as  the  slot  becomes 
wider  the  field  variation  changes  so  that  does  not  change  simply  with 
the  slot- wid-th.  1.  :t.;  ...  ... l  ~  "  •  ^ 

B.  CW  BREAKDOIN  OF  OPEN  SLOT  ANTEN^NA 

Measurements  have  been  made  by  Worth ^  at  227  Me  on  a  cavity-fod  slot 
antenna  with  the  configuration  chosen  so  that  breakdown  would  occur  in  the 
aperture.  A  sketch  of  the  antenna  is  shown  in  Fig.  36.  The  cavity  was 
filled  with  wax  to  allow  the  waveguide  mode  to  propagate.  However,  no 
dielectric  was  present  in  the  space  between  the  plates  near  the  aperture. 
Since  the  highest  fields  existed  between  the  plates  near  the  aperture, 
breakdown  occurred  there.  For  the  gap  sizes  used  it  seems  likely  that 
electrons  formed  in  the  gap  diffused  across  the  gap  to  the  plates  as  well 
as  in  a  direction  normal  to  the  aperture  into  the  lower  field  regions. 

To  the  extent  that  the  main  electron  loss  was  from  diffusion  to  the  plates, 
or  attachment,  there  is  little  difference  between  breakdown  of  this  antenna 
and  breakdown  in  a  rectangular  waveguide.  Since  the  ratio  of  a/b  >  8, 
where  a  =  aperture  length,  and  b  =  aperture  width,  the  transverse  distribu¬ 
tion  iK""all  cases  considered  should  not  be  of  importance  and  the  antenna 
should  appear  similar  to  a  parallel  plate  system.  That  this  is  so  i^_ 
demonstrated  in  Fig.  37  in  which  Worth’s  data  have  been  normalized  to 

ph.'  Plotted  in  the  same  figure  are  the  parallel  plate  break¬ 
down  data  from  Fig.  ,3.  The  curves  are  almost  identical. 
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FIG.  37 

'S  SLOT  COMPARED  TO  PARALLEL  PLATE  BREAKDOWN 


C.  CW  BREAKDOWN  OF  COVERED  SLOT  ANTENNA 


Interesting  as  the  results  of  the  previous  section  are,  they  are  of 
little  practical  importance,  since  slot  antennas  that  are  flown  on  air¬ 
planes  and  missiles  are  covered  by  a  dielectric  cover.  The  reasons  for 
the  cover  are  numerous  and  usually  include  considerations  of  structural 
atr^en^K~aa  weir'as“fie^hiairiwl“prTyre^ction  of  the  aperture  feed  system.-  - 
Further,  without  a  cover  over  the  antenna  the  feed  line  would  be  at  the 
same  pressure  as  the  aperture.  For  many  configurations  the  feed  structure 
would  then  break  down  before  the  aperture  broke  down.  In  any  event, 
aperture  antennas  with  a  dielectric  covering  the  aperture  are  of  great 
practical  importance.  Therefore,  a  aeries  of  measurement  in  dielectric 
covered  slot  antennas  was  carried  out. 

A  slot  antenna  with  an  aperture  1  inch  wide  and  17  inches  long  was 
built  to  operate  at  380  Me.  A  sketch  of  the  antenna  is  shown  in  Fig.  38. 

The  cavity  was  filled  with  polyfoam  to  ensure  that  breakdown  would  occur 
in  the  aperture  rather  than  inside  the  cavity.  The  power  to  initiate 
breakdown  on  this  antenna  as  a  function  of  pressure  is  shown  in  Fig.  39- 
Tfe  KmilSia  gf~th4-i«:afer;-outrpu^6--P:f— -- 

the  GRC- 27  transmitter.  In  order  to  obtain  more  data,  plates  we¥e~pTaced 
over  the  aperture  so  that  the  width  was  reduced  tc  0.  5' inch.  The  data  for 
this  antenna  are  also  shown  in  Fig.  39.  The  aperture  impedance  of  the 

V- 

antennas  was  measured.  With  this  infurmation  it  was  possible  to  compute  - 
the  normalized  aperture  fields  for  breakdown  as  a  function  of  pb  shown  in 
Fig.  40.  The  agreement  in  data  between  the  1.0-  and  0.5-inoh  aperture  is 
quite  good  over  the  range  of  overlap.  Also  plotted  in  Fig-.  40  for  com¬ 
parison  are  Worth's  data  for  open  slot  antennas.  As  can  be  seen  from  the 
figure,  the  main  effect  of  the  dielectric  is  to  raise  the  values  of 

required  for  breakdown  by  a  factor  of  about  1.5  to  2.  This  result, 
is  to  be  expected  since  placing  a  dielectric  in  the  aperture  puts  a  su'rface 
to  which  electrons  can  diffuse  at  the  point  of  maximum  field,  thus  in¬ 
creasing  the  loss  due  to  diffusion.  The  situation  is  complicated,  however, 
since  in  the  waveguide  case  the  diffusion  is  to  the  walls  while  in  the 
aperture  case  there  is  diffusion  to  the  dielectric  surface  as  well  as  into 
lower  field  regions  normal  to  the  aperture.  Thus  the  significance  of  6  in 
waveguide  breakdown  is  in  determining  how  far  an  electron  must  travel  to 
diffuse  out 'of  the  field.  In  aperture  breakdown,  b  is  significant  in 
determining  the  rate  of  fall-off  of  the  field  outside  the  aperture. 
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FIG.  39 

POWER  TO  INITIATE  AND  MAINTAIN  BREAKDOWN  AS  A  FUNCTION  OF  PRESSURE  FOR 
1-BY-17-INCH  AND  0.5-BY-17-1NCH  SLOT  ANTENNAS 
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FIG.  40 

NORMALIZED  DATA  ON  CW  BREAKDOWN  OF  SLOT  ANTENNAS  AND 
RECTANGULAR  WAVEGUIDE  - 


Because  higher  power  CW  sources  were  not  available,  further  experi¬ 
ments  with  CW  breakdown  over  a  wider  range  ot  aperture  size  were  not 
possible. 

D.  PULSED  BREAKDOWN  OF  COVERED  SLOT  ANTENNA 

Pulsed  breakdown  of  aperture  antennas  was  also  investigated.  Since 
measurements  had  alreadY_been  made  of  breakdown  inside  standard  Af-band 
rectangular  waveguide  (see  Sec.  II-E)  at  A-band,  a  comparison  between 
waveguide  breakdown  and  aperture  breakdown  could  be  made  by  measuring  the 
breakdown  power  of  a  0.4-  by  0.9-inch  waveguide  radiating  into  free  apace 
aa  shown  in  Fig.  41.  The  aperture  was  covered  with  a  0 . 010- inch- thick 
piece  of  teflon  fibreglass.  The  power  to  initiate  breakdown  on  this 
aperture  for  pulse  width  of  2.3,  1.0,  and  0.55  microseconds  as  a  function 
of  pressure  is  shown  in  Fig.  41.  The  power  to  maintain  breakdown  was 
slightly  below  the  initiate  level  for  all  pressures  at  which  measurements 
were  made.  From  these  data  the  field  in  the  aperture  for  breakdown  was 
calculated  and  the  results  normalized  Jto  (£,/p)„,  pr,  and  pb. 
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In  Pig,  42  thci  normalized  data  for  breakdown  inside  a  waveguide  are 
shown  for  several  values  of  pb  together  with  the  data  for  aperture  break¬ 
down  for  the  same  values  'of  pb.  The  waveguide  and  aperture  require  about 
the  same  values  of  (E,/p)„  for  large  values  of  pb  (where  the  breakdown  is 
attachment-controlled),  but  by  the  time  pb  <  10,  the  aperture  requires 
increasingly  larger  values  of  (E ,/p) „  for  breakdown  than  does  the  waveguide 

Actually  the  width  of  a  standard  T-band  waveguide  used  as  a  slot 
radiator  is  such  that  the  near  zone  field  fall  off  is  ho  longer  simply 
related  to  the'a^eTture  width.  Therefore,  the  normalizations  shown  in 
Fig.  42  will  not  be  accurate  for  widths  other  than  0. 4  inch.  The  way  in 
which  the  power  and  normalized  field  varies  with  slot  width  has  been 
investigated  to  determine  the  range  of  parameters  over  which  the  normali¬ 
zations  are  valid.  Fig.  43  shows  the  power  to  initiate  breakdown  as  a 
function  of  pressure  for  slot  heights  of  0.050,  0  100,  and  0.400  inch. 

In  all  cases  the  aperture  was  covered  with  a  dielectric  cover.  All 
measurements  in  Fig.  43  were  made  with  a  pulse  width  of  0. 5  microseconds. 
Similar  measurements  were  made  with  1.0  and  2  3- microsecond  pulse  widths. 
These  data  have  been  normalized  and  are  shown  plotted  in  Fig.  44.  The 
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POWER  TO  INITIATE  PULSED  BREAKDOWN  FOR  VARIOUS  SLOT  WIDTHS 


FIG.  44 

NORMALIZED  DATA  FOR  PULSED  BREAKDOWN  OF^OT  ANTEpAS 
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data  for  the  0.050  and  0.100-inch-width  slots,  when  properly  normalized, 
form  a  smooth  curve.  The  values  of  E^/p  are  the  same  for  the  same  values 
of  pb  whether  the  width  was  0.050  or  0.100  inch.  However,  the  data  for 
the  0.40  inch  slot  show  a  deviation  from  the  narrower  slot  data,  indicating 
that  the  normalization  for  this  slot  width  is  no  longer  significant  and 
that  the  near-zone  field  fall-off  is  no  longer  simply  related  to  the  slot 
width. 


On  the  extreme  right  hand  side  of  Fig.  44  are  plotted  the  CW  values 
of  EJp  f  rom  Fig.  40.  Note  that  the  narrow  slot  pulse  data  are  almost 
identical  to  the  CW  values.  This  is  similar  to  the  results  obtained  with 
monopoles  for  CW  and  pulse  power.  Over  the  range  of  pr  for  which  measure¬ 
ments  were  made,  there  ia  very  little  change  in  E^/p  for  each  value  of  pb. 

Measurements  have  alao  been  made  on  an  £- plane  sectoral  horn  with 
aperture  dimensions  of  9.2  by  2.84  cm  and  on  a  pyramidal  diorn  3  by  4.6  cm. 
Since  the  dominant  factor  with  these  horns  is  the  rate  of  change  of  field, 
fall-off,  meaaurementa  were  made  of  the  near-zone  field  fall-off  for  these 
antennas  as  well  as  for  several  smaller  antennas.  The  results  are  shown 

. T-iit-pirgi— ASr  — As  wpuid-be7expeoted,  the  larB®^  ®P®rture  the  inpre  slowly 

the  r^TTs  off.  One  can  locate  fih~^ifectrlTe  center  from  wliich-l'lvC  — 

Heids  arc  falling  off  at  l-/r  for  e»oh  antenna  over  B  pangJB  of  r,  liowev_M,_ 
Che  location  of  this  center  does  not  vary  in  any  simple  way  with  horn 
height  for  any  but  the  smallest  slots.  Thus  it  is  not  surprising  that  a 
normal! zation^inv9lvi!?A^..®ii»ply  the  horn  height  is  not  satisfactory  for 
determining  the  breakdown  fields  of  all  but  the  narrowest . slots. 

The  measured  values  of  the  power  as  a  function  of  pressure  for  the 
sectoral  horn  and  the  pyramidal  horn  are  shown  in  Fig.  46.  These  data 
have  been  normalized  and  are  plotted  in  Fig.  47  along  with  the  data  for 
the  .0.40- inch  slot.  At  a  high  value  of  pb  (such  as  pb  “  45)  the  region 
in  which  ionization  is  formed  is  essentially  one  of  uniform  field.  There¬ 
fore  the  data  for  the  different  aperture  sizes  may  be  normalized  to  form 
a  smooth  curve  as  in  Fig.  47.  The  varying  rates  of  fall-off  for  different 
apertures  are  not  significant  for  large  pb.  However  for  smaller  pb  (pb  »  5) 
the  particular  type  of  field  fall-off  becomes  significant.  Since  the 
fall-off  is  not  simply  related  to  6,  except  for  very  small  values  of  b, 
the  value  of  (E^/p)^  is  no  longer  simply  related  to  pb.  Therefore,  the 
curves  for  a  constant  value  of  pb  obtained  for  different  values  of  b 
(aperture  heights)  are  different.  As  would  be  expected,  the  more  uniform 
the  near  field  region  the  lower  the  value  of  (E^/p)^  required  for  breakdown. 
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FIELD  FALL-OFF  FOR  DIFFERENT  ANTENNAS 
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POWER  TO  INITIATE  PULSED  BREAKDOWN  OF  A  SECTORAL  AND  PYRAMIDAL  HORtT 
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It  would  be  expected  that  when  pb  gets  very  large  the  values  of  E ^/p  would 
tend  toward  the  attachment-controlled  values.  While  for  CW  breakdown  the 
a ttachmen t - cant rol led  value  of  E^/p  was  a  single  value  (about  30) i  for 
palwd  bfffikdo fir  ths  attffchmont* con t foiled  value  of  a— function  of- 

preasure  and  pulse  width.  For  large  values  of  pr  the  pulse  and  CW 
attachffient-controlled  brsakdown  levels  are  the  same,  but  for  amall  values 
of  pr  the  pulsed  power  attachment- controlled  levels  will  be  higher  than 
the  CW  1  evela.  Since  a  genercl  solution  for  any  type  of  horn  would  be 
very  complicated,  a  conservative  estimate  of  the  breakdown  field  atr.ength 
for  the  antenna  designer  to  use  would  be  the  data  shown  in  Fig.  5  for 
very  large  pb. 
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y  AJNTENNA  OPERATION  ON  A  WEAKLY  IONIZED  MEDIUM 


A.  BACKGROUND 

When  a  nose  cone  is  re-entering  the  earth’s  atmosphere  a  plasma  sheath 
is  formed  about  the  nose  cone.  Signal  drop-out  has  been  reported  for 
telemetry  signals  received  from  vehicles  during  this  re-entry  phase.  Wliile 
strong  attenuation  due  to  the  plasma  was  to  be  expected,  it  was  felt  that 
probably  voltage  breakdown  was  also  occurring. 

The  environment  associated  with  a  re-entry  vehicle  is  very  complicated 
and  the  conditions  away  from  the  stagnation  region  are  not  well  understood. 
Clearly  it  is  not  feasible  to  scale  the  actual  environmental  condition; 
however,  it  was  felt  that  knowledge  of  the  behavior  of  antennas  in  the 
preaence  of  plasmas  with  electron  densities  of  the  same  orders  of  magnitude 
as  the  actual  densities  would  aid  in  antenna  design  for  a  re-entry  vehicle. 

B.  ANTENNA  OPEBAiTON  IN  THE  PRESENCE:  OE  A  DC  DISCfTATOE 

Figure  48  illustrates  the  DC  discharge  used  to  create  the  plasma  over 
the  aperture  of  a  0.53\  slot  antenna  (17- inch  slot  at  380  Me)  mounted  on 
a  conducting  ground  plane  with  a  thin  dielectric  cover  insulator.  The 
cathode  is  formed  by  an  aluminum  block  %  by  Vu  by  1  inch,  elevated  over 
the  insulated  ground  plane,  while  the  anode  is  formed  by  a  'A-  by  2- inch 
section  of  ground  plane  formed  by  removing  the  dielectric  insulator.  The 
DC  glow  discharge  was  placed  so  that  negative  glow  area  of  the  discharge 
was  located  over  the  aperture.  In  the  negative  glow  area,  the  electron 
concentration  may  be  as  high  as  10^  electrons  per  ec  and  the  net  charge 
density  is  nearly  zero.  The^ negative^  glow  area  is  a  typical  example  of 
plasma  and  Has  been  studied  by  other  investigators  with  a  Langmuir  probe 
method.  Measurement  of  the  density  by  the  Langmuir  probe  was  attempted; 
but,  because  of  the  unbounded  nature  of  the  DC  discharge, this  was  not 
successful.  As  soon  as  the  probe  was  made  positive  with  respect  to  the 
anode,  the  discharge  would  transfer  over  to  the  probe. 

An  estimate  of  the  electron  density  produced  by  the  discharge  was 
made  using  the  solution  for  a  plane  wave  incident  on  an  infinite  plasma. 

With  the  antenna  reasonably  well  matched  (reflection  coefficient  =  0.09) 
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FIG.  48 

— - - GOWIGURATION-USEI^IN  PR0DUGIN6-A-DC  PW5MA  -  - 


prior  to  the  introduction  of  the  plasma,  the  reflection  from  the  plasma 
may  be  determined.  The  collision  frequency  is  obtained  from  the  pressure 
measurement  since  »  5.3  x  lO’  P  for  air,  where  p  is  the  pressure  in 
mm  Hg,  A  knowledge  of  the  magnitude  of  the  reflection  coefficient,  the 
RF  frequency,  and  the  collision  frequency  is  then  sufficient  to  determine 
the  plasma  density. 

Figure  49  is  a  plot  of  the  transmitted  und  absorbed  power  as  well  as 
the  VSWR  of  the  antenna  in  the  presence  of  the  plasma.  The  ratio  of  the 
coljision  to  RF  angular  frequency  is  0.45  Up  to  an  input  power  of 
4.5  watts  to  the  antenna,  the  VSWR  of  the  antenna  remains  constant  at  1,15; 
the  transmitted  power,  as  measured  by  an  external  antenna  increases 
linearly  with  the  incident  power  and  there  is  no  absorbtion  of  energy  by 
the  plasma.  From  the  change  in  the  reflection  coefficient  from  the  con¬ 
dition  of  no  plasma  to  with  a  plasma,  it  is  estimated,  that  the  plasma 
frequency  (fp  =  8,900  where  N  is  the  density  in  electrons  per  cc)  is 
less  than  one-half  the  RF  angular  frequency  After  the  occurrence  of 
voltage  breakdown  at  4.5  watts,  the  transmitted  power  remains  almost  con¬ 
stant  while  the  absorbed  power  increases  directly  with  incident  power. 


62 


VSWfl 


Since  the  VSWR  of  the  antenna  remains  essenti al ly  constant  after  breakdown 
this  indicates  that  the  plasma  density,  as  well  as  the  attenuation  con¬ 
stant,  remains  constant  as  the  power  to  the  aperture  is  increased.  The 
increased  total  attenuation  as  the  power  is  increased  is  due  primarily  to 
ths  increase  in  the  sire  of  the  plasma,  rather  than  the  change  in  its 
electrical  characteristic. 

Figure  50  shows  the  result,  obtained  when  the  plasma  frequency  is 
approximately  equal  to  the  RF  frequency  at  the  same  pressure.  The  charac 
teristic  after  BF  breakdown  is  almost  identical  to  Fig.  49-  Before 


FIG.  50 

PROPAGATION  CHARACTERISTICS  OF  A  373-Mc  SLOT  ANTENNA  IN  THE  PRESENCE  OF 
A  DC  PLASMA  PRESSURE  =  0.2  mni  Hg,  670  VOLTS  DC 
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POWER  TO  APERTURE  —  Wfltit 

FIG.  51 


PROPAGATION  CHARACTERISTICS  OF  A  373-Mc  SLOT  ANTENNA  IN  THE  PRESENCE  OF 
-  A  DC  PLASMA  PRESSURE  =  1.0  mm  Hg,  560  VOLTS  DC 

HF  breakdown,  attenuation  is  present  and  the  RF  conductivity  appears  to 
be  constant,  independent  of  the  applied  RF  field 

In  the  absence  of  a  plasma,  this  antenna  required  about  40  watts  for 
breakdown  as  compared  to  7  watts  with  n  plasma 

Figure  51  shows  similar  results  obtained  at  1  mm  pressure  (v  /co  a  2,27). 
In  the  absence  of  a  plasma,  47  watts  was  required  to  initiate  breakdown 
at  this  pressure  as  compared  to  10  watts  in  the  presence  of  the  plasma. 

One  interesting  result  of  this  study  is  that  the  power  handling 
capability  of  the  slot  in  the  presence  of  the  iuiii/,eu  meuluiii  appears  to 
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be  about  the  same  as  the  power  required  to  maintain  breakdown.  This  would 
be  true  if  the  RF  field  distribution  is  approximately  the  same,  since 
ambipolar  diffusion  is  the  main  loss  mechanism  for  both  cases.  If  this 
were  to  be  found  to  be  generally  true,  the  design  of  antennas  for  operation 
in  an  ionized  medium  would  be  considerably  simplified.  Further  work  is 
required  on  the  ^fect  of  ambient  electron  density,  energy,  and  distribution 
on  the  breakdown  phenomenon. 

Despite  the  differences  between  the  actual  environment  and  our 
simulation  of  it,  the  results  clearly  indicate  that  antennas  designed  for 
operation  in  a  non- ionized  medium  will  break  down  in  an  ionized  medium  with 
power  levels  lower  by  about  one  order  of  magnitude.  In  order  to  avoid  the 
attenuation  due  to  re-entry  ionization,  telemetry  equipment  operating  at 
frequencies  above  the  expected  plasma  frequency  is  being  developed.  Unless 
antennas  are  designed  for  operation  in  an  ionized  medium,  the  occurrence 
of  voltage  breakdown  may  negate  any  gain  expected  from  going  to  a  higher 
frequency. 
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VI  METHODS  FOR  INCREASING  ITOI  POWER  HANDLING 
CAFABILnV  OF  ANTENNAS 


A ,  BACKGROUND 

There  are  two  fundamental  methods  by  which  the  power-handling 
capability  of  an  antenna  may  be  increased.  One  method  depends  upon  the 
use  of - mechanisms  to  increase  the  electron- loss  rates,  thus  increasing  the 
ionization  rates  required  to  produce  breakdown.  Since  the  ionization  rates 
are  monotonically  increasing  functions  of  electric  field,  the  higher  the 
ionization  rate  required  for  breakdown  the  higher  will  <be  the  field 
strength  required  for  breakdown.  The  other  method  depends  upon  the  use 
of  mechanisms  that  will  reduce  the  ionization  rate  without  reducing  the 
loss  rate.  Examples  of  both  methods  are  discussed  below. 

B.  INCREASING  THE  LOSS  RATE 

One  means  of  increasing  the  electron  loss  rate 
swooping  field  to  the  region  about  an  antenna.  Since  the  RF  field  about 
an  antenna  is  not  uniform  but  has  a  maximum  in  some  region  and  decreases 
in  areas  away  from  this  region,  the  application  of  DC  fields  that  will 
sweep  electrons  out  of  the  high  field  region  and  into  the  lower  field 
regions  will  act  to  effectively  increase  the  electron  loss  rate. 
Alternatively,  if  the  field  about  the  antenna  is  relatively  uniform  but 
there  are  surfaces  to  which  electrons  may  be  attracted  and  so  removed  from 
the  high  field  region,  the  application  of  DC  fields  to  accomplish  this 
will  be  useful.  Brown^  has  worked  out  the  relation  for  the  application 
of  DC  fields  in  the  case  of  uniform  parallel  plates  and  has  shown  that  the 
effect  is  equivalent  to  a  decrease  in  the  diffusion  length.  The  relation 
he  derived  is 
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where 

£p(,  is  the  applied  DC  field,  D  is  the  diffusion  coefficient  of 
electrons,  and  /x  is  the  electron  mobility. 
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From  this  relation  it  appears  that  the  effective  diffusion  length  may 
be  made  as  small  as  desired  by  the  application  of  increasing  amounts  of 
DC  voltage.  A  limitation,  however,  is  imposed  by  the  onset  of  DC  voltage 
breakdown.  Before  this  limit  is  reached, an  appreciable  increase  in  power 
handling  capability  may  be  achieved. 

- Measurement a -have-  been -made-of—the-br  eakdown-power— of— a-n umber— of - 

antennas  both  with  and  without  DC  fields.  These  measurements  are  described 
below. 


1.  Monopole  Breakdown  with  DC  Fields 

The  monopole  antenna  is  ideal  for  the  application  of  DC  fields. 

DC  fields  may  be  easily  applied  between  the  nonopole  and  its  ground  plane. 
The  RF  field  around  the  monopole  decreases  rapidly  with  the  radial  distance 
from  the  antenna.  Thus,  if  the  application  of  DC  fields  can  sweep  elec¬ 
trons  out  of  Che  region  close  to  the  monopole  surface,  appreciable 
increases  in  power  handling  capability  can  be  achieved.  Electrons  close 
to  the  monopole  surface  may  be  removed  from  this  region  by  making  the 
monopole  either  negative -orrrpoaitrfvej  -If- the -monopole-ift-poait^eT— eleo- 
trons  will  be  attracted  to  Tt”  and  so  removed  TiwTl~tlie’ ’regi’ori''‘oT  i’liil'erSat. 
However,  this  arrangement  is  undesirable  sinoe  it  may  produoa  aecbhdary 
emisaion  at  the  monopole  surface  if  large  DC  fields  are  used.  Further, 
it  draws  electrons  into  the  high  RF  field  region  where  they  may  produce 
ionization  before  they  are  collected  at  the  monopole  surface.  A  better 
scheme  is  to  make  the  monopole  negative.  This  will  repel  electrons  from 
the  monopole  surface  out  into  the  low  RF  field  regions  where  the  field  is 
too  low  to  produce  appreciable  ionization. 

Measurements  have  been  made  at  240  Me  for  the  power  to  break  'down  a 
quarter-wavelength  monopole  as  the  DC  voltage  was  varied  from  minus  ISO 
volts  to  plus  450  volts.  A  minus  sign  means  that  the  monopole  was  negative 
with  respect  to  the  ground  plane.  The  monopole  diameter  was  Vs- inch  and 
the  antenna  was  made  of  brass.  Measurements  were  made  at  pressures  above, 
below,  and  at  the  pressure  for  minimum  power  handling  capability.  The 
results  are  shown  in  Fig,  52.  With  no  DC  voltage  this  antenns  coul'^  only 
handle  about  4  watts  of  power  without  voltage  breakdown.  With  the  appli¬ 
cation  of  about  minus  150  volts  this  figure  was  increased  an  order  of 
magnitude  to  40  watts.  The  measurements  were  not  carried  to  further 
negative  voltages  because  of  a  limitation  of  available  RF  power.  Applica¬ 
tion  of  positive  DC  voltages  also  increases  the  power  handling  capability 
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. .  FIG.  52 

GW  POWER  TO  INITIATE  VOLTAGE  BREAKDOWN  AS  A  FUNCTION  OF  APPLIED  DC  BIASING  VOLTAGE 

FOR  A  0.24-WAVElENGTH  MONOPOIE 

of  this  antenna,  but  the  DC  voltages  necessary  were  larger  than  with 
negative  biasing.  Tliis  is  reasonable  in  view  of  the  previous  discussion. 

Very  little  DC  current  is  drawn  by  the  application  of  the  DC  voltage, 
so  that  a  high  voltage,  low  current  battery  is  adequate  to  supply  the 
required  DC  power. 

Measurements  made  at  9400  Me  on  a  quarter- wavelength  monopole, 

11.5  mils  in  diameter,  confirmed  that  biasing  worked  as  well  on  pulsed 
power  as  it  did  with  CW  power.  The  results  of  this  measurement  are  shown 
in  Fig.  53. 

It. should  be  pointed  out  that  DC  voltages  will  not  be  effective  with 
an  antenna  embedded  in  a  dielectric.  A  charge  will  build  up  on  the 
dielectric  so  that  the  DC  voltage  will  appear  across  the  dielectric  rather 
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than  in  the  region  where  electrons  are  being  formed.  This  is  also  true 
for  operation  in  an  ionized  medium.  The  total  DC  voltage  appears  across 
the  dipole  and  the  ionized  sheath,  and  there  is  no  sweeping  action.  A 
large  DC  current  may  flow  due  to  the  finite  conductivity  of  the  plasma, 
causing  a  drainage  of  the  DC  power  supply. 

2.  Aperture  Breakdown  with  DC  Fields 

The  application  of  DC  voltages  to  slot  radiators  has  been  tried  also. 

...  For  large  slot  widths  the  near-zone  field  fall-off  normal  to  the  slot 
surface  is  relatively  slow  and  the  DC  voltage  is  not  very  effective. 

Further,  the  DC  voltage  is  not  so  easily  applied  as  in  the  case  of  monopoles. 
An  .If-band  waveguide  aperture  with  a  dielectric  cover  was  used  for  tests 
on  the  effectiveness  of  DC  voltages  on  the  power  handling  capability  of 
slot  antennas.  Standard  size  ^-band  waveguide  was  used  so  that  the  near¬ 
zone  field  fall-pff  was  relatively  slow.  Various  arrangements  were  made 


FIG.  53 

PULSED  POWER  TO  INITIATE  VOLTAGE  BREAKDOWN  AS  A  FUNCTION  OF  APPLIED  DC  BIASING 
VOLTAGE  FOR  A  0.24-WAVELENGTH  MONOPOLE 
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to  produce  a  DC  field  in  the  aperture.  In  a  typical  arrangement,  DC 
voltage  waa  applied  between  the  ground  plane  and  a  wire  run  across  the 
aperture  perpendicular  to  the  BF  electric  field  vector  so  that  there  would 
be  a  minimum  disturbance  of  the  HF  field.  Only  about  a  3-db  increase  in 
power  handling  capability  was  obtained  before  DC  breakdown  occurred. 

_ Similar  measurements  were  made  at  380  Me  on  a  Q . 5-  by  17- inch  slot 

aperture  with  the  results  shown  in  Fig.  54.  In  this  case  there  was  not 
sufficient  RF  powe^  available  to  fully  determine  the  increase  in  power 
handling  capability  with  DC  fields.  Measured  increases  of  a  factor  of 
two  were  recorded,  but  it  seems,  from  the  curves,  as  though  larger 
increases  may  be  obtainable  before  DC  breakdown  occurs.  This  is  reasonabl 
when  it  is  remembered  thht  this  slot  is  much  narrower,  electrically,  than 
the  standard  size  A-band  slot  mentioned  above.  Thus  the  field  fall-off 
is  much  more  rapid  in  the  380*Mo  slot,  and  the  DC  field  is  more  effective. 
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FIG.  54 

CW  POWER  TO  INITIATE  VOLTAGE  BREAKDOWN  AS  A  FUNCTION  OK  APPLIED  DC  BIASING 
VOLTAGE  FOR  A  380-Mc  SLOT  ANTENNA 
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C,  DECREASING  THE  IONIZATION  RATE 


The  lower  the  RF  electric  field  strength  is  made,  the  lower  is  the 
ionization  rate.  Therefore,  any  method  that  will  enable  the  near-zone 
electric  field  strength  to  be  decreased  while  radiating  the  same  amount 
of  power  will, increase  the  power  handling  capability  of^the  antenna.  In 
the  xase.  of-monopole  antennas,  simply  increasing  the  diameter  will  decrease 
the  surface  field  strength  and  thus  raise  the  breakdown  power  for  certain 
conditions  (see  the  discussion  of  the  affect  of  diameter,  on  breakdown 
power  in  Sec.  III). 

Choosing  at^tenna  configurations  that  will  minimize  the  maximum  field 
strength  will  optimize  the  breakdown  power  levels.  For  example,  if  a  short 
monopole  antenna  is  called  for,  a  much  greater  amount  of  power  can  be 
radiated  from  a  top- loaded  folded  monopole  than  from  a  vertical  stub.  As 
shown  in  Fig,  29,  a  vertical  stub  0.10  wavelengths  long  can  only  handle 
0.20  watt  of  power.  A  top- loaded  folded  moiiopole  of  the  same  height  as 
illustrated  in  Fig.  55  has  been  designed  and  tested.  This  antenna  can 
handle  8.5  watts  of  power. 
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FIG.  55 

SKETCH  OF  TOP-LOADED  FOLDED  MONOPOLE  0.10  WAVELENGTHS  HIGH 


A  method  not  always  available  as  a  possible  solution  because  of 
aerodynamic  considerations  is  the  use  of  a  pressurized  radome  over  the 
antenna  structure.  By  using  a  radome  of  sufficient  size,  large  increases 
in  power  handling  capability  are  possible, 


Caution  must  be  exercised  in  considering  means  of  increasing  the 
power~h‘andling  -capabi-li-ty-of— antennas  that  one -does-not— focus  on  means  of  - 
increasing  the  field  strength  required  for  breakdown.  Increasing  the 
field  strength  required  for  breakdown  may  not  always  be  desirable,  since 
it  is  the  maximum  radiated  poaer  that  is  desired  and  not  maximum  near- zone 
electric  field.  As  an  illustration,  consider  the  case  of  an  open- waveguide 
slot  with  no  dielectric  cover.  When  the  slot  width  is  large,  the  field 
strength  for  breakdown  can  be  increased  by  decreasing  the  slot  width  since 
the  loss  of  electrons  to  the  walls  is  increased  as  the  walla  are  brought 
closer  together.  However,  thie  drop  in  radiation  resistance  as  th^alot 
width  is  decreased  is  faster  than  the  increase  in  the  breakdown  field 
strength,  so  that  the  power  handling  capability  decreases  even  though  the 
breakdown  field  strength  is  increased.  When  the  slot  width  is  very  narrow, 
the  radiation  resistance  is  essentially  independent  of  slot  width.  Then, 

the  aperture  field  strength  per  watt~tndiafeei-  i#  inversely  propuTtional _ 

to  the  slot  width.  Although- the  losajBsJio  tko  ..w.aJULs.  nw.y  wlojmaja  sdJ, 
field  fall-off  is  sharper,  the  increase  in  field  strength  per  watt  radiated 
more  than  offsets  these  factors,  so  that  the  narrowest  slot  radiates  the 
least  power  without  breakdown.  The  situation  is  analagous  to  the  effect 
iof  diameter  on  monopole  breakdown.  The  thinnest  antenna  required  the  least 
power  for  breakdown  at-  the  pressure  for  minimum  power.  At  lower  pressures 

wissw  sail  w  A  ua.  uCvuw  bito  oainv  ui/woA  ZuJL  DxvaKuuwiii  - - 
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VII  CONCLUSION 


It  has  been  shown  that  the  electron  loss  mechanisms  which  are 
important  in  determining  breakdown  on  transmission  line  components  are 
the  same  as  those  which  are  important  in  determining  antenna  breakdown 
fields.  Electron  attachment  and  diffusion  are  the  dominant  loss  mechanisms, 
while  ionization  by  collision  is  the  dominant  source  of  electron  production. 
At  pressures  for  which  the  collision  frequency  is  much  greater  than  the 
angular  radio  frequency  the  dominant  loss  mechanism  is  generally  attachment. 
For  pressures  at  which  the  collision  freqi^oncy  is  much  less  than  the  radian 
radio  frequency,  diffusion  is^enorally  the  dominant  loss  mechanism.  The 
particular  geometry  of  the  antenna  will  determine  the  pressure  at  which 
the  transition  from  attachment-controlled  to  diffusion-controlled  breakdown 
occurs. 

A  qualitative  discussion  of  the  manner  in  which  the  various  loss 
Ifflee MaisAe  _e w t e r  iii to  the  brenkd own. . pj bi'ftils^- f 6 pJKMf.HEe.  ,g aiiges 
for  t.ha  hr_e.a_kdown  of  parallel  plate,  rectangular  waveguide,  coaxial  line, 
fflonopole  antenna,  and  aperture  antennas  has  been  presented.  By  expressing 
the  breakdown  condition  in  terms  of  (JJ,7p)„  as  a  function  of  the  pressure 
times  some  characteristic  dimension  (parallel  plate  spacing,  monopole 
radius,  slot  width),  quantitative  results  useful  for  a  wide  range  of 
parameters  have  been  obtained.  In  the  case  of  monopoles,  a  single  curve 
showing  tho  variation  of  Ss  a  function  of  pr  describes  the 

measured  results  within  about  20  percent  for  measurements  at  240  and  400  Me, 
for  variat  ions  in  monopole  diameter  of  a  factor  of  4,  and  for  monopole 
lengths  from  0.08  to  0.32  wavelengths.  Pulsed  breakdown  measurements  on 
monopole  antennas  at  9400  Me  show  very  little  change  in  the  value  of 
(S,/p)„  for  different  pulse  widths  over  the  range  of  pressures  at  which 
measurements  were  made.  In  fact,  the  C\V  and  pulse  levels  are  almost 
identical,  showing  that  frequency  scaling  is  good  over  a  40-to-l  range. 

For  narrow  slot  antennas  a  single  curve  of  (F^/p)^  as  a  function  of 
pd  is  sufficient  to  describe  the  breakdown  condition.  For  aperture 
antennas  that  cannot  be  classified  as  narrow  slots  there  is  no  simple 
relation  between  the  value  of  (F,/p)„  and  pd,  This  is  because  the  field 
fall-off  near  the  aperture  is  not  a  simple  function  of  the  aperture  height. 
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For  very  large  apertures,  the  field  fall-off  may  be  so  small  within  the 
region  where  ionization  occurs,  that  this  factor  may  be  considered 
uniform.  Under  these  conditions  the  breakdown  would  be  attachment- 
controlled.  The  values  of  (£,/p)^  for  attachment-controlled  breakdown 
would  represent  a  lower  limit  for  aperture  breakdown. 

The  effect  of  an  ionized  medrum  near  the  ant'e'nha  oh  the”  breikd^wn  '  “  ' 
level  has  been  investigated  by  means  of  a  DC  discharge  to  simulate  the 
plasma.  The  results  show  that  appreciable  decreases  in  the  power-handling 
capability  of  antennas  may  occur  when  an  antenna  is  operating  in  an 
ionized  medium.  Since  the  energy  of  the  electrons  used  in  this  experi¬ 
ment  was  much  greater  than  would  be  the  case  for  electrons  during  re-entry 
the  results  are  not  strictly  applicable  to  operation  under  these  conditions. 
Additional  work  is  needed  in  this  area  to  determine  the  effect  of  ionized 
media  under  different  conditions  of  energy  and  density.  The  results 
presented  here  illustrate  that  such  effects  can  be  important  in  limiting 
the  power-handling  capability  of  antennas  that  must  work  in  such 
environments.  Consideration  ahoyld  also  be  given  to  any  special  design 
proc^jirhJ  that  J;h?  antenna  deaigner  would  jiaaj*hen_the_^iwijtOJunenJtJKhich__. 
iri  s~aWtefiHa  “ih  fn  tweilihs  arh  ionized-m^Tu'm^  -  _  ~ 

Conaideration  has  been  given  to  different  means  of  increasing  the 
power-handling  capability  of  antennas.  Methods  of  increasing  the  electron 
loss  rotes  and  decreasing  the  ionizstion  rates  in  the  vicinity  of  the 
antennas  have  been  considered.  The  effectiveness  has  been  demonstrated 
of  DC  electric  fields  in  increasing  the  electron  loss  rates  in  the 
vicinity  of  antennaa  that  have  BF  field  distributions  which  decrease 
rapidly  with  distance  from  the  antenna,  nnr!  quantitative  data  have  been 
presented. 
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APPENDIX  A 


DETEmiNATION  OF  THE  ELECTRIC  FIELD 
AT  THE  TIP  OF  A  MONOPOLE 


Since  sharp  edges  have  little  effect  on  high-altitude,  high-frequency 
breakdown,  this  diacuaaion  will  be  concerned  with  calculating  the  field 
at  the  end  of  a  monopole,  regardless  of  the  particular  shape  of  the  tip. 

If  the  monopole  lies  along  the  Z-axis,  the  continuity  of  current  relation 
may  be  expressed  as; 


ai(») 


-jioq 


(A-1) 


where  /(z)  is  the  current  distribution  along  the  monopole  and  q  ia  the 
^IrergB-TltTrtrribution-rlottg-the  monopole.  ; - r-  — . . -  — - - , 

We  my  write  I(z)  as  the  product  of  the  current  at  the  input 
terminals,  1(0).,  and  a  distribution  function  /(z),  Thus 


I(z) 


1(0) 


/(?) 

/(O) 


We  may  then  express  Eq.  (A-1)  as 


(A-2) 


1(0)  B/(r) 
/(O)  Bz 


■jcoq 


(A-3) 


For  very  thin  monopoles  (H  ®)  /(z)  is  given  by  sin  0{h  -  z)  and  is 
slightly  modified  for  thicker  monopoles.  /S  is  lir/K,  and  h  is  the  monopole 
height.  Since  the  precise  distribution  for  a  given  value  of  H  is  a 
complex  function,  the  results  of  King'*  for  /flh  =  \/4  and  H  =  10  will  be  used 
to  determine  B/(z)/Bz,  while  the  value  of  /(O)  is  determined  from  the 
assumption  of  a  sinusoidal  current.  The  value  of  /(O)  will  not  be  in  error 
by  a  large  amount,  but  'bf(z)/'hz  could  be  in  error  by  an  appreciable  amount 
if  the  actual  current  distribution  were  not  used  (as  was  done  by  King). 
Thus,  at  the  tip 


3/(2) 
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Cj  for  a  given  Q.  and  any  length, 


(A-4) 


From  Eq,  (A-2),/(0)  is  found  to  be 

/(-O)  =  sin  Jih.  .  .  . (A-5) 


Substituting  these  values  into  Eq.  (A-3)  we  obtain 


J(0)  c 

sin  /3/i  * 


-jcoq 


(A-6) 


King  gives  the  value  of  q,/K(0)  for  /3h  =  \/4  and  fl  «  10.  Therefore, 
rearranging  Eq.  (A-6)  we  may  solve  for  Cj/w.  Wo  introduce  the  input 
impedance  Z(0)  to  get  an  expression  in  terms  of  the  input  voltage,  F(0). 
Thus 


q 


r^-(0,).  jin.^h^ 


-  CA-7).- 


Uaing  King’s  values  we  obtain 


1  . 
-  ■>  5.05  X  10"’ 

Cm)' 


(A.8) 


Rearranging  Eq.  (A-6)  for  the  charge  at  the  tip  and  using  the  value  given 
in  Eq.  (A-8)  for  Cj/co  we  find  that 


5.05  X  10-’ 


sin  /ih 


(A-9) 


Eq.  (A-9)  should  be  a  fairly  accurate  expression  for  the  charge  at  the  tip 
for  a  wide  range  of  fl  and  any  length  monopole  that  is  not  close  to  anti- 
resonance.  At  anti-resonance  the  value  of  /(O)  varies  rapidly  with  f)  and 
the  approximation  given  in  Eq.  (A-9)  would  no  longer  be  valid, 
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The  field  produced  by  is  given  by 


9. 


2'nea 


(A-10) 


Substituting  Eq.  (A“9)  into  Eq.  -(A'lO)-We  find  the  field  of  the  ^ipia 


9iJ(0) 
a  sin 


V/cm  if  a  is  in  cm. 


(A-ll) 


For  example,  the  field  at  the  tip  of  an  ^/h-inch  diameter  monopole  is 


5701(0) 
sin  /3h 


V/cm 


(A-12) 


As  a  separate  check  on  these  results  we  may  use  King’s  results  for  small 
dipoles.  For  (1  «  10 


1(0) 

cuh 


(A-13-) 


This  may  be  expressed  as 


7, 


4.4  X  10~^  1(0) 


(A-14) 


This  may  be  compared  directly  with  Eq.  (A-9)  since  the  electric 
field  is  proportional  to  the  charge.  For  smell  dipoles  sin  /3h  »  jSh, 
Thus  for  the  same  feed  currents,  the  electric  field  calculated  from 
Eq.  (A-9)  differs  by  only  about  10  percent  from  the  field  calculated 
from  Eq.  (A-14). 
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APPENDIX  B 


CALCULATION  OF  THE  ELECTRIC  FIELD 
IN  A  NARROW  SLOT  ANTENNA  UP  TO  \/2  LONG 


If  the  impedance  of  a  dipole  of  total  length  2h  is  given  by  then 
by  Babinet’s  principle  tho  impedance  of  a  slot  antenna  radiating  into 
free,  space  on  both  aides  of  a  ground  plane  is  given  by 

„  35476 

■  1~ 


This  presumes  that  the  current  distribution  along  the  dipole  is  the 
same  as  the  distribution  of  electric  field  in  the  slot.  Thus,  the  trans> 
formation  from  center  fed  dipoles  will  be  true  for  slots  fed  in  the  TEj^ 
mode  only  if  the  aperture  is  less  than  K/2. 

Once  the  slot  impedance  is  known,  tlie  electric  field  may  be  found 
as  follows;  The  power  radiated  by  the  slot  is  given  by 


where  is  the  slot  resistance  and  V  is  the  voltage  across  the  slot. 
The  electric  field  is  related  to  the  slot  voltage  by 

< 

V  -  E,h 

where  b  =  slot  width.  Therefore 
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For  a  slot  antenna  radiating  into  only  one  side  of  the  ground  plane 
the  slot  impedance  is  doubled  so  that 

70,952 
"  Z 

As  an  example,  consider  a  resonant  slot  0.A75A.  long  and  0.01^^  wide. 
This  corresponds  to  a  dipole  0.475X.  long  and  0.005X  in  diameter.  The 
dipole  impedance  is  a  pure  resistance  equal  to  67  ohms.  Therefore,  the 
complimentary  slot  impedance  for  a  cavity  fed  slot  is 


and 


70,952 

67 


1060  n 


32.6 

h 


Vp 
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APPENDIX  C 


CALCULATION  OF  THE  FIELD  IN  THE  APERTURE 
OF  A  LARGE  HORN  ANTENNA 


The  total  power  radiated  is  given  by  the  integral  over  the  aperture 
of  the  power  density  in  the  aperture.  Thus, 


P  = 


dA  for  large  horns. 


For  a  typical  horn  distribution,  the  electric  field  is  uniform  in 
one  direction  and  sinusoidal  in  the  other.  Therefore, 

P  =  1.33  X  10'®  A 


and 


■  ".5/^ 
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CALCULATION  OF  IN  A  WAVEGUIDE 
THAT  IS  NOT  MATCHED 


85 


APPENDIX  D 


CALCULATION  OF  IN  A  WAVEGUIDE 
TOAT  IS  NOT  MATCHED 


The  incident  power  in  a  waveguide  excited  in  the  TE^g  mode  is 


i  n  c 


1.33 


i  n  c 


where 

a  ia  the  width  of  the  guide 
b  is  the  height  of  the  guide 
k  ia  the  free  space  wavelength 
kg  is  the  guide  wavelength 
—  S-{—  iH-  the  tnoldsiit-fiBld  strength i 


The  real  power  flowing  down  the  guide  ia  the  difference  between  the 
incident  and  reflected  power  in  the  guide.  Therefore 


Inc 


1  "  r* 


where  P  is  the  voltage  reflection  coefficient. 
Rearranging  terms  we  obtain 


or 


2  _ 


reel 


1.33  X  10'*  ah  -- 

^■g 


reel 


(1  -  r*)  1.33  X  10-3  ab 
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'The'  maximum  electric  field  in  the  guide  may  be  expressed  in  terms  of 
*  the  reflection  coefficient  and  the  incident  field 


(1  +  r)  E. 


Therefore 


E 


n  «  X 


yi  +  r 
1  -  r 


p 


real 


1.3;i  X  10'^  ab 


or 


E 


mtx 


27.5(VSWR)'^ 


K/om  if  a  and  h  are  in  cm 


L 
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